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PREFACE 

TO    THE    SEVENTH     EDITION. 


It  has  been  found  necessary  to  still  further  subdivide  this 
wide  and  all-important  subject  of  Advanced  Applied  Mechanics 
and  Mechanical  Engineering. 

In  order  to  do  80  with  the  least  departure  and  derange, 
ment  of  the  previous  volumes  and  editions,  it  has  been 
advisable  and  convenient  to  follow  the  recent  subdivision  of 
this  subject  as  stated  in  the  "  Bules  and  Syllabus  of  Exam- 
inations applying  to  the  Election  of  Associate  Members  of 
The  Institution  of  Civil  Engineers." 

Moreover,  this  particular  method  of  subdivision  is  practised 
by  several  Universities  and  Technical  Colleges.  It  is  also 
being  advocated  by  Teachers  in  connection  with  the  Boards 
of  Education,  and,  to  a  certain  extent,  by  those  connected  with 
the  City  and  Guilds  of  London  Examinations  in  Mechanical 
Engineering. 

Consequently,  Volume  I.  vill  deal  with  "Applied  Mechanics" 
proper,  Volume  II.  will  discuss  and  give  practical  illustrations 
of  "Strength  and  Elasticity  of  Materials,"  Volume  III.  will 
be  confined  to  "The  Theory  of  Structures,''  Volume  IV.  to 
"Hydraulics,  Hydraiilic  and  Eefrigerating  Machinery,"  whilst 
Volume  V.  will  be  greatly  enlarged,  and  treat  upon  "The 
Theory  of   Machines." 


VI  PREFACE. 

Separate  Contents  and  Index  have  been  carefully  arranged 
for  each  Volume.  These  enable  students  to  find  the  details 
and  pages  where  the  different  subjects  are  treated.  The 
Author's  system  of  Engineering  Symbols,  Abbreviations,  and 
Index  Letters  have  been  printed  at  the  beginning  of  each 
volume. 

It  is  thus  hoped,  that  the  size  and  cost  of  each  volume 
will  suit  the  requirements  of  every  Student  of  Engineering. 

The  Author  has  again  to  thank  his  chief  assistant,  Mr. 
John  Ramsay,  A.M.Inst.C.E.,  for  his  help,  and  his  Publishers 
for  the  special  care  with  which  they  have  prepared  these  five 
volumes.  The  Author  is  specially  indebted  to  Professor 
Alexander  MacLay,  B.Sc,  C.E.,  and  the  Technical  Publishing 
Company,  Ltd.,  Manchester,  for  permission  to  abstract  certain 
parts  and  figures  from  his  excellent  book  on  "  Loci  in 
Mechanical  Drawing,  including  Point  Paths  in  Mechanisms." 
These  additions  appear  in  Vol.  V.  upon  the  "  Theory  of 
Machines,''  along  with  the  new  Lectures  dealing  with  the 
"  Kinematics  of  Machinery." 

The  Author  will  feel  much  obliged  to  Engineers,  Teachers, 
his  B.Sc.  and  C.E.  "Correspondence  Students,"  also  to  any 
other  Students  of  Engineering,  for  hints  which  may  tend 
to  further  enhance  the  attractiveness  and  usefulness  of  these 
works. 

ANDREW    JAMIESON. 

CfmsultiTig  Engineer  and  Electrieiomt 

16  RossLYN  Tbrbacb,  Kblvinside, 

Glasgow,  Jvly,  1910. 


Vll 


PREFATORY  NOTE  TO  VOLUME  V. 


In  drawing  up  the  details  of  the  difiFerent  Lectures  of  this 
volume,  I  have  tried  to  follow  the  Syllabus  of  the  final  B.Sc. 
Examination  in  Engineering  for  External  Students,  as  printed 
in  the  Regulations  of  the  University  of  London : — 

Kinematic  chains  ;  mechanisms ;  virtual  centres  ;  relative  velocities  in 
mechanisms  ;  belt,  rope,  and  chain  gearing ;  wheel  trains  and  teeth ; 
bevel,  epioyclic,  worm,  and  helical  gearing  ;  cams  ;  velocity  and  accelera- 
tion diagrams ;  forces  in  a,  machine ;  crank  effort  diagrams ;  inertia  of 
reciprocating  parts ;  governors ;  flywheels ;  friction  and  efficiency ; 
lubrication  ;  brakes  and  dynamometers ;  valve  gears  and  valve  diagrams ; 
principles  of  balancing,  with  application  to  simple  cases. 

This  Syllabus  covers  that  of  the  Institution  of  Civil  Engineers 
for  their  Associate  Membership  Examination  in  the  subject 
"Theory  of  Machines,"  as  well  as  that  of  several  other 
Engineering  Courses. 

I  could  not  very  well  adhere  to  the  precise  order  of  the 
London  University  Syllabus,  since  I  tried  to  put  the  different 
sections  in  what  appeared  to  me  to  be  a  somewhat  more  natural 
sequence  for  teaching  purposes.  This  order  will  at  once  be 
gathered  from  an  examination  of  the  Contents  as  printed  on 
pages  ix  to  xvi. 

Those  who  desire  to  still  further  study  any  part  of  this 
interesting  and  instructive  subject  should  consult  at  least  one 
or  more  of  the  following  or  other  large  treatises  : — 

(1)  Kinematics  of  Machines,  by  J.  R.  Dudley,  B.So.     (John  Wiley  & 

Sous,  New  York  ;  or  Chapman  &  Hall,  Limited,  London. ) 

(2)  Kinematics,  by  C.  W.  MacCord,  M.A.,  Sc.D.     (John  Wiley  &  Sons, 

New  York.) 

(3)  Kinematics  of  Machinery,  by  Professor  Reuleaux.     Translated  by 

Professor  Kennedy.     (M'Millan  &  Co.,  London.) 


ANDREW    JAMIESON. 


16  RossLTN  Tekkacb,  Kelvinside, 
Glasgow,  JiUy,  1910. 
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INSTRUCTIONS  FOR  ANSWERING  HOME  EXERCISES. 

{Aa  itsed  in  my  Engineering  and  Electrical  Science  Correspondence  System.) 


1.  Use  ordinary  foolscap  paper,  and  write  on  the  left  side  only,  leaving 
the  facing  page  blank  for  my  corrections  and  remarks. 

2.  Put  the  date  of  the  Exercises  at  the  left-hand  top  comer ;  your  Name 
and  Address  in  full,  the  name  of  the  Subject  or  Section,  as  well  as  number 
of  Lecture  or  Exercise,  in  the  centre  of  the  first  page.  The  number  of 
each  page  should  be  put  in  the  right-hand  top  corner. 

3.  Leave  a  margin  IJ  inches  wide  on  the  left-hand  side  of  each  page, 
and  in  this  margin  place  the  numier  of  the  question  and  nothing  more. 
Also,  leave  a  clear  space  of  at  least  2  inches  deep  between  your  answers. 

4.  Be  sure  you  understand  exactly  what  the  question  requires  you  to 
answer,  then  give  all  it  requires,  but  no  more.  If  unable  to  fully  answer 
any  question,  write  down  your  own  best  attempt  and  state  your  difficulties. 

5.  Make  your  answers  concise,  clear,  and  exact,  and  always  accompany 
them,  if  possible,  by  an  illustrative  sketch.  Try  to  give  (1)  Side  View, 
(2)  Plan,  (3)  End  View.  Where  asked,  or  advisable,  give  Sections,  or 
Half  Outside  Views  and  HaU-Sections  for  (1),  (2),  and  (3). 

6.  Make  all  sketches  large,  open,  and  in  the  centre  of  the  page.  Do  not 
crowd  any  writing  about  them.  Simply  print  sizes  and  index  letters  (or 
names  of  parts),  with  a  bold  Sub-heading  of  what  each  figure  or  set  of 
figures  represent. 

7.  The  character  of  the  sketches  will  be  carefully  considered  in  awarding 
marks  to  the  several  answers.  Neat  sketches  and  "  index  letters,"  having 
the  first  letter  of  the  name  of  the  part,  will  always  receive  more  marks 
than  a  bare  written  description. 

8.  All  students  are  strongly  recommended  to  first  thoroughly  study  the 
Lecture,  second  to  work  out  each  answer  in  scroll,  and  third  to  compare  it 
with  the  question  and  the  text-book  in  order  to  see  that  each  item  has 
been  answered.  The  final  copy  should  be  done  without  any  aid  or 
reference  to  the  scroll  copy  or  to  any  text-book.  This  acts  as  the  best 
preparation  for  sitting  at  Examinations. 

9.  Reasonable  and  easily  intelligible  contraotions  {e.g.,  mathematical, 
mechanical  or  electrical,  and  chemical  symbols)  are  permitted. 

10.  Each  corrected  answer  which  has  the  symbols  R.W.  marked  there- 
upon must  be  carefully  re-worked  as  one  of  the  set  of  answers  for  the 
following  week. 

ANDREW  JAMIESON. 

16  BOSSLXS  TEKSAOE,  ItEIiVIIISIDi:,  GLAsaow. 
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Xviii  MECHANICAL    ENGINEERING    SYMBOLS. 

MECHANICAL  ENGINEERING  SYMBOLS,  ABBREVIATIONS, 

AND  INDEX  LETTERS 

USED    IN    VOLUMES    I.    TO    V. 

Of  Professor  Jaiiieson's  "Applied  Mechanics." 


Prefatory  Note. — It  is  very  tantalising,  as  well  as  a  great 
inconvenience  to  Students  and  Engineers,  to  find  so  many 
different  symbol  letters  and  terms  used  for  denoting  one  and 
the  same  thing  by  various  writers  on  mechanics.  It  is  a  pity, 
that  British  Civil  and  Mechanical  Engineers  have  not  as  yet 
standardised  their  symbols  and  nomenclature  as  Chemists  and 
Electrical  Engineers  have  done.  The  Committee  on  Notation 
of  the  Chamber  of  Delegates  to  the  International  Electrical 
Congress,  which  met  at  Chicago  in  1893,  recommended  a  set 
of  "  Symbols  for  Physical  Quantities  and  Abbreviations  for 
Units,"  which  have  ever  since  been  (almost)  universally  adopted 
throughout  the  world  by  Electricians.*  This  at  once  enables 
the  results  of  certain  new  or  corroborative  investigations  and 
formulae,  which  may  have  been  made  and  printed  anywhere, 
to  be  clearly  understood  anywhere  else,  without  having  to 
specially  interpret  the  precise  meaning  of  each  symbol  letter. 

In  the  following  list  of  symbols,  abbreviations  and  index 
letters,  the  first  letter  of  the  chief  noun  or  most  important 
word  has  been  used  to  indicate  the  same.  Where  it  appeared 
necessary,  the  fn-st  letter  or  letters  of  the  adjectival  substantive 
or  qualifying  words  have  been  added,  either  as  a  following  or 
as  a  subscript  or  suffix  letter  or  letters.  For  certain  specific 
quantities,  ratios,  coefficients  and  angles,  small  Greek  letters 
have  been  used,  and  I  have  added  to  this  list  the  complete 
Greek  alphabet,  since  it  may  be  refreshing  to  the  memory  of 
some  to  again  see  and  read  the  names  of  these  letters,  which 
were  no  doubt  quite  familiar  to  them  when  at  school. 

•  These  "  Symbols  for  Physical  Quantities  and  Abbreviations  for  Units" 
will  be  found  printed  in  full  in  the  form  of  a  table  at  the  commencement 
of  Munro  and  Jamieson's  Pocket-Booh  of  Mectrical  Rides  and  Tables.  If 
a  similar  recommendation  were  authorised  by  a  committee  composed  of 
delegates  from  the  chief  Engineering  Institutions,  it  would  be  gladly 
jidopted  by  "The  Profession"  in  the  same  way  that  the  present  work  of 
*'  The  Engineering  Standards  Committee"  is  being  accepted. 
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Table  of  Mechanical  Engineering  Quantitii's,  Symbols,  Units 

and  their  abbreviations. 
{As  used  in  Vols.  I.  to  V.  of  Prof .  Jamieson's  "Applied  Mechanics.") 


Quantities. 

Symbols. 

Defining' 
Equations. 

Practical  Units. 

Abbrev 
tions  of 

"Units 

Fundamental. 

(Yard,    . 

yd- 

ft. 

Length,  . 

l;i 

••• 

^Foot,     . 

(Inch,     . 

in. 

Mass, 

M,  m 

... 

Pound, . 
(  Second, 

lb. 

6. 

Time,      . 

T,t 

... 

<  Minute, 
(  Hour,  . 

m. 

h. 

Geometric. 

Surface,  . 

S.s 

S  =  L' 

f  Square  foot, . 
\  Square  inch, . 

sq.  ft. 
sq.  in. 

Volume, . 

V 

V-=L^ 

(  Cubic  foot,    . 
\  Cubic  inch,   . 
/Degree, 
Minute, 

cb.  ft. 
cb.  in. 
1° 
1' 

Angle,  ^^ 

arc 
radius 

i  Second, 

1  Tj  A-           180° 
1  Radian  =  

1" 

rn. 

Mechanical. 

L 

\ 

ft. 

s. 

Velocity, 

V 

Foot  per  second,  . 

V     e 
-  =  L  =  1 

(  Revs.^er  second, . 

r.p.s. 

Angular  velocity,    . 

at 

\  Revs,  per  minute, 

r.p.m. 

(  Radians  per  second, 

Ul 

Acceleration,  . 

a,g 

V 

Footper  sec.  persec. 

ft. 

{ 

FJ 

(  Pound    weight 
\      (gravitational    > 

lb.  wt. 
(or  lb.) 

Force,     .        •        .< 

I      unit), 

1 

W,w 

F=Ma 

j  Poundal  (absolute\ 

pdl. 

Pressure  (per    unit  \ 
area),                    J 

P 

F 
P  =  7 

Pound  per  sq.  inch, 

lb.  d" 

Work,     . 

iWh) 

Wh  =  FL 

Foot-pound, . 

ft. -lb. 

Potential  energy,    . 

E, 

Ep  =  Wh 

Foot-pound, . 

ft. -lb. 

Kinetic  energy, 

En 

Wh 

Foot-pound, . 

ft. -lb. 

(  Horse  power, 

<  Ft. -lb.  per  min.,   . 

H.P. 

Power  or  activity,  . 

HP 

H.P.  =  ^ 

It.-lb./m. 

(  Ft. -lb.  persec,     . 

ft.-lb./s. 

Moment  of  inertia, . 

/ 

l=MW- 



lb.-ft.2 

M 

(  Pound  per  cb.  ft.,. 

lb. 

ft? 

Density, . 

P 

P=y- 

] 

lb 

/  Pound  per  cb.  in,,. 

s:s 
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OTHER  SYMBOLS  AND  ABBREVIATIONS  IN  VOLS.   I.  TO  V. 


A  for 

B,  6  ., 

C,  c,k  , , 

e.g.  ,, 

D,  d  ,, 

Di,D2,D3  „ 

E  „ 


f'tft  ,) 

H,A  „ 

H.P.,h.p.  „ 

B.H.P.  „ 

E.H.P.  „ 

LH.P.  „ 


*„ 


fr,' 


K1R2  ,, 


SF  ., 

TM  „ 

TR  „ 

BM  „ 

MR  „ 

RM  „ 

Ti,  T,  „ 


W^,  W  X,  vVy  ,, 


Area.s. 

Breadths. 

Constants,  ratios. 

Centre  of  gravity. 

Diameters  depths,  de- 
flections. 

Drivers  in  gearing. 

Modulus  of  elasticity. 

Velocity  ratio  in  wheel 
gearing. 

Followers  in  gearing. 

Forces  of  shear  and 
tension. 

Heights,  heads. 

Horse-power. 

Brake  horse-power. 

Effective       ,, 

Indicated      ,, 

Radius  of  gyration,  or, 
Coef .  of  discharge  in 
hydraulics. 

Numbers — e.g.,  num- 
ber of  revs,  per  min. , 
number  of  teeth,  &c. 

Push  or  pull  forces. 

Pneactions,  resultants, 
radii,  resistances. 

!  Seconds,  space,  sur- 
face. 
Displacement,     dis- 
tancS. 
Shearing  force. 
Torsional  moment. 
Torsional  resistance. 
Bending  moment. 
Moment  of  resistance. 
Resisting  moment. 
Tensions    on    driving 
and    .slack    sides    of 
belts  or  ropes,  &c. 
Lost,  total,  and  useful 
work. 


X,  y,  z  for  Unknown  quantities. 
Z   ,,   Modulus  of  section. 
Zt   ,,  ,,  tension. 

Ze   „  ,,  compression. 


A,  S,  d  for  Differential  signs  which  are 
prefixed  to  another  letter ; 
then  the  two  together  re- 
present a  very  small 
quantity, 
e,  e  ,,  Represents  base  of  Naperian 
Logs  =  2-7I82;  for  example, 
log.  3  =  1-1. 

1   ,,  Efficiency. 

A    , ,  Length  ratio  of  ship  to  model. 

n     ,   CoeiSicient  of  friction. 

TT    ,,   Circumference  of  a  cirole-^)t^ 
diameter. 

P   ,,  Radius  of  curvature,  radian. 


2  for 


Symbol  for  sum  total  of  a 
number  of  quantities. 

Sign  of  integration  or  sum- 
mation between  limits  0 
and  X. 

Sign  for  the  dififerenoe  be- 
tween two  quantities. 

Sign  for  square — e.g.,  10  □"= 
10  square  inches.  

Sign  over  two  letters,  PQ, 
for  a  force  acting  from  P 
to  — >  Q,  means  that  they 
represent  a  vector  quantity, 
which  has  (1)  (jiagnitude, 
(2)  direction,  (3)  sense. 

Sign  for  equal  to  or  greater 
than. 

Sign  for  equal  to  or  less  than. 


GREE 

K 

ALPHABET. 

A 

a 

Alpha. 

I 

t 

Iota. 

P 

p 

Rho. 

B 

P 

Beta. 

K 

K 

Kappa. 
Lamoda 

S 

0-  or 

s  Sigma. 

r 

y 

Gamma. 

A 

\ 

T 

T 

Tau. 

A 

& 

Delta. 

M 

ii» 

Mu 

r 

V 

Upsilou 

15 

e 

EpsUon. 

N 

V 

Nu 

4> 

<P 

Phi. 

Z 

I 

Zeta. 

3 

B 

Xi. 

X 

X 

Chi. 

H 

'1 

Eta. 

0 

0 

Omicron. 

* 

% 

Psi. 

e 

ti 

Theta. 

n 

IT 

Pi. 

u 

OmSga. 
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THEORY     OF     MACHINES.* 


LECTURE     I. 

Contents. — Loci — Oblique,  Rectangular,  and  Polar  Co-ordinates — Plotting 
the  Path  of  a  Moving  Point — On  Drawing  Curves  of  Experimental 
Kesults  —  Graphic  Kepresentation  of  Natural  Laws  —  Geometrical 
Loci  in  Kinematic,  Geometric,  or  Algebraic  Form — Example  I.  —  1  he 
Conicograph — ^Explanation  of  Terms — Definition  of  the  Locus  of  a, 
Point — Exercises  on  Loci — Exercises  I.  and  11. — Questions. 

Loci. — To  make  the  position  of  any  point  in  space  perfectly 
definite,  we  require  to  know  its  distance  from  three  fixed  planes 
of  reference.  On  paper  we  require  two  fixed  lines  of  reference. 
For,  if  we  consider  the  means  of  fixing  the  position  of  a  point 
on  paper,  we  shall  find  that  we  cannot  do  with  less  than  two 
measurements,  and  that  these  two  must  be  made  in  a  particular 
way. 

Suppose  that  we  begin  with  one  fixed  point  of  reference.  The 
distance  of  any  other  point  from  that  may  be  given.  But  the 
one  measurement  would  not  fix  the  position  of  that  other  point, 
as  it  might  occupy  any  position  in  the  circumference  of  a  circle, 
having  the  given  distance  as  its  radius,  and  the  fixed  point  of 
reference  as  its  centre.  Next,  the  distances  of  any  point  from 
two  fixed  points  of  reference  may  be  given.  This  would  be 
ambiguous,  as  the  point  required  might  then  occupy  a  position 
on  either  side  of  the  line,  joining  the  two  fixed  points.  Similarly 
we  might  use  three  fixed  points  of  reference,  .but  that  involves 
three  measurements. 

If  now  we  take  a  point  and  a  line  for  reference,  we  have 
the  same  ambiguity  as  when  using  two  points.     With  a  given 

'  As  mentioned  in  the  Preface,  I  am  specially  indebted  to  Prof.  M'Lay 
and  the  Technical  Publishing  Company,  Ltd. ,  Manchester,  for  permission 
to  abstract  certain  parts  and  figures  from  his  book  on" Loci, "&c.  My 
publishers,  Charles  Griffin  &  Co.,  Ltd.,  London,  have,  however,  kindly  re- 
drawn all  the  said  figures,  and  had  the  blocks  made,  for  clearness,  on  a, 
larger  scale,  whilst  the  said  abstracts  and  sub-headings  to  the  figures  have 
been  so  edited  as  to  conform  with  the  other  four  previous  volumes  of 
this  series  on  Applied  Mechanics  and  Mechanical  Engineering. 
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LECTURK    I. 


distanre  as  radius,  draw  a  circle  round  the  fixed  pomt  and  a 
parallel  to  the  line  at  a  distance  equal  to  the  radius,  ihe  circle 
cuts  the  parallel  in  twc  places,  except  in  one  particular  case— 


oL cc... — .J.q  X 

Fig.  1.— Oblique  Co-ordinates. 
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CO-ORDINATES.  ^ 

viz.,  when,  the  distance  given  is  exactly  half  the  perpendicular 
from  the  fixed  point  to  the  fixed  line. 

If  we  next  try  two  fixed  lines  of  reference,  we  shall  find  that 
they  will  not  answer  the  purpose  when  they  are  drawn  parallel 
to  each  other,  but  that  they  will  do  so  perfectly  when  they  cross 
one  another.  They  may  cross  at  any  angle,  but  are  generally 
drawn  at  right  angles  as  being  more  convenient.  The  two 
parallels  drawn  from  any  point  to  these  lines  of  reference  or 
"axes,"  give  its  "co-ordinate  distances  "  from  them. 

Oblique  and  Eectamgular  Co-ordinates. 

In  Fig.  1,  O  X  and  O  T  are  the  axes  set  obliquely,  and  in  Fig. 
2  they  are  shown  set  at  right  angles.  Pp  and  Pg'  are  the 
co-ordinate  distances  of  a  point  P,  more  often  referred  to  in 
geometry  simply  as  x  and  y  respectively. 

Pola/r  Co-ordinates. 

Another  equally  simple  way  of  fixing  the  position  of  a  point 
is  that  by  two  measurements,  one  linear  and  one  angular,  shown 
in  Fig  3.  O  is  any  fixed  point,  called  the  "  pole,"  and  O  X  a  line 
of  reference  drawn  through  it,  as  "initial  line."  The  line  joining 
any  point  P,  with  the  pole  O,  is  its  "radius  vector,"  and  the 
angle  between  it  and  the  initial  line  is  the  "vectorial  angle." 
The  two  measurements  required  are  the  length  of  the  radius 
vector  and  the  magnitude  of  the  vectorial  angle. 

Plotting  the  Path  of  a  Moving  Point. 

Having  thus  found  a  means  of  fixing  the  position  of  any  point 
P,  when  two  measurements  are  given,  let  us  now  consider  the 
case  when  P  is  represented  as  a  point  moving  in  a  certain  path 
on  the  paper.  This  is  a  part  of  mechanical  drawing  of  very 
great  importance,  as  it  forms  the  basis  of  all  diagrammatic 
representations,  when  the  product  of  two  variable  but  mutually 
dependent  quantities  has  to  be  represented. 

When  a  sufficient  number  of  the  co-ordinate  distances  are 
either  given  or  obtainable,  we  can  then  find  as  many  points, 
representing  successive  positions  of  the  moving  point.  These, 
when  plotted  on  the  paper  and  a  fair  curve  drawn  through  them, 
give  a  more  or  less  accurate  representation  of  the  path,  according 
to  the  number  of  points  taken. 
,  The  line  or  curve  so  found  may  represent : — 

(1)  The  results  of  some  experiment ; 

(2)  Some  physical  law ; 

(3)  Some  geometrical  curve  or  figure. 


4  IiECTUBE  I. 

In  (1)  the  data  are  supplied  in  the  form  of  tabulated  results. 
Per  example,  in  experiments  on  the  strength  of  materials  in 
testing  machines,  the  two  quantities  of  which  we  wish  to  know 
the  relation  throughout  are  the  stress  and  the  strain.  In  other 
words,  the  resistance  of  the  test  piece  and  the  corresponding  de- 
formation which  it  suffers  during  the  experiment.  Observations 
are  made  as  to  the  amount  of  the  one,  and  measurements  taken 
as  to  the  extent  of  the  other,  which  when  represented  to  suitable 
scales,  give  us  the  series  of  co-ordinate  distances  necessary  for 
drawing  the  curve,  which  will  show  the  behaviour  of  the  material 
under  a  constantly  increasing  load  (see  Vol.  II.,  Lect.  VII., 
(kc,  for  Stress-Strain  Diagrams). 

In  (2)  the  data  may  be  presented  in  the  form  of  an  equation, 
which  is  the  algebraic  expression  of  the  law,  and  the  curve 
drawn  is  termed  the  "locus"  of  the  equation,  in  which  x  and  y 
stand  for  the  co-ordinate  distances  as  shown  in  figs.  1  and  2,  or  r 
and  ^  as  in  Pig.  3.  By  assuming  a  series  of  values  of  sc,  for 
example,  and  finding  the  -corresponding  values  of  y,  we  can 
obtain  as  many  co-ordinate  distances  as  are  necessary  to  draw 
the  curve  required  (see  Vol.  I.,  Lect.  X.,  for  Plotting  Curves 
of  Varying  Velocities). 

In  (3)  the  data  is  usually  supplied  in  the  ordinary  way  for 
constructions  in  geometrical  exercises  j  but  the  connection 
between  these  geometric  curves  or  figures  may  be  made  more 
apparent  to  the  mind  of  the  student  by  considering  them  also 
as  "loci,"  or  paths  of  points  moving  on  the  paper  according 
to  certain  conditions.  The  conditions  may  be  given  in  the 
equational  form,  with  reference  to  the  axes  before  referred  to, 
but  they  may  be  expressed  more  simply  as  follows,  beginning 
with  those  known  as  the  conic  sections  : — 

(a)  A  Straight  Line. — The  path  of  a  point  which  moves  so  that 
its  distances  from  two  fixed  lines  or  axes  are  either  always  equal 
or  in  some  fixed  proportion  to  one  another. 

(6)  A  Circle. — The  path  of  a  point  which  moves  so  as  to  be 
always  at  the  same  distance  from  some  fixed  point  (its  centre). 

!is    the  name   given   to>  its 

the  curve  which        |         equal  to—         j  distance 
shows  the   path  of  a  Uess  or  greater  (in  I      from 
point,  according        /        some  fixed        \    a  fixed 
as  its  distance  from  a  I  proportion)  than   i  straight 
fixed  point  is         /  V      line. 

!is  the  name  given  to  the  curve, 
which  shows  1 

circle,  according  as  the         I      ^^^^^  *  circle. 
circle  rolls  / 
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(i  to  n)  Eacli  of  the  figures  f,  g,  and  h  may  be  prolate 
or  curtate,  according  as  the  describing  point  is  within  or 
without  the  rolling  circle,  and  then  the  curves  are  called 
"trochoids." 

(0)  An  Involute. — The  curve  described  by  a  point  at  the  end 
of  a  wire  while  it  is  being  unwound  from  the  surface  of  a 
cylinder  (in  a  plane  perpendicular  tp  its  axis). 

(^)  A  Spiral. — The  path  of  a  point  which  moves  round  a  fixed 
point  as  centre,  and  at  the  same  time  moves  from  it. 

On  Drawing  Curves  of  Experimental  Results. — The  two  variable 
but  mutually  dependent  elements,  previously  referred  to,  may 
be  correlative  quantities  of  any  kind.  Among  those  most 
frequently  represented  by  diagram  are  such  as  stress  and  strain; 
pressure  and  volume ;  motion  and  resistance ;  composition  and 
strength ;   capacity  and  production. 

Graphic  Representation  of  Natural  Laws We  now  come  to 

the  second  class  of  curves  (according  to  our  previous  division) 
which  are  of  interest  to  engineers. 

In  curves  drawn  to  experimental  data  some  kind  of  propor- 
tionality may  or  may  not  exist  between  the  pair  of  co-ordinate 
distances  for  any  one  point  and  those  of  any  other ;  but  in  those 
now  to  be  considered  the  co-ordinate  distances  are  in  some  fixed 
proportion  throughout,  the  relation  being  expressed  in  the  form 
of  an  equation.  While  therefore  in  the  one  case  a  particular 
statement  is  necessary  for  fixing  each  individual  point  in  the 
curve;  in  the  other,  one  general  statement — the  equation — 
includes  every  point.  The  equation  is  reduced  to  figures,  and 
from  these  the  curve  is  drawn  precisely  in  the  same  manner  as 
has  been  indicated  in  the  last  section. 

Geometrical  Loci. — The  next  class  of  curves  (according  to  our 
division)  is  that  representing  geometrical  conditions. 

The  conditions  may  be  given  in  (1)  kinematic,  (2)  geometric, 
or  (3)  algebraic  form. 

(1)  As  those  for  determining  the  path  of  a  material  particle 
moving  in  a  plane,  when  the  only  thing  considered  is  the  motion, 
as  change  of  position,  not  the  force  producing  or  opposing  it. 

(2)  As  those  for  the  construction  in  whole  or  in  part  of  some 
curve  or  figure  in  practical  plane  geometry. 

(3)  As  those  which  may  be  put  in  the  form  of  an  equation  in 
plane  co-ordinate  geometry. 

The  curve  may  thus  represent  (1)  the  plane  path  of  a  moving 
point  in  some  mechanism ;  hence  of  use  as  an  introduction  to 
the  kinematics  (or  geometry)  of  machinery.  (2)  The  outline  or 
figure  of  some  object  or  detail  in  constructive  engineering ; 
therefore  useful  in  mechanical  drawing  generally.      (3)   The 
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locus  of  an  equation,  useful  in  putting  a  mathematical  result  in 

graphic  form. 

The  following  simple  examples  will  illustrate  the  distinction : — 
The  straight  line  O  Q,  in  Pig.  4,  may  represent — 
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CUBVE. 


Fig,  6. — Locus  of  an 
Equation. 


1.  The  path  of  a  point  which  moves  equidistantly  between 
the  two  lines  OX,  O  Y,  as  found  by  drawing  two  pairs  of  parallels 
at  distances  d^  and  d^\x)  OX  and  O  T,  and  a  line  O  Q  through 
their  intersections. 

2.  The  locus  of  the  equation  x  =  y,  as,  found  by  measuring  ofi 
two  values  of  x  and  the  same  of  y,  as  shown  by  ajj,  y-^  and  x^  y^ 
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The  curve  XPY,  in  Pig.  5,  may  represent— 

1.  The  path  of  a  point  which  moves  round  the  fixed  point  O 
at  a  constant  distance  O  P  from  it. 

2.  A  circle  drawn  from  O  as  centre,  with  radius  O  P. 

3.  The  locus  of  the  equation  x^  +  y^  =  c%  in  which  as  =  O  M ; 
y  =  PM,  andc  =  OP. 

Or  again,  the  curve  Q  A  P,  in  Pig.  6,  may  represent — 

1.  The  path  of  a  point  which  moves  and  keeps  at  an  equal 
distance  from  the  fixed  point  P  and  the  straight  line  Y  O  Y'. 

2.  A  parabola  with  P  as  focus,  described  by  any  of  the 
geometrical  methods,  to  be  afterwards  shown. 

3.  The  locus  of  the  equation  y^=  4«(aj  -  a),  in  which  O  M  =  a;; 
PM  =  y;   0A  =  AP  =  a. 

Example  I. — Show  the  path  of  a  point  on  a  line,  when  the 
extremities  of  the  line  are  constrained  to  move  in  different 
paths. 


Fig.  7. — ^Diagram  or  an  Elliptic  Point  Path. 


Case  (a). — When  both  extremities  of  a  line  are  moving  in 
straight  lines,  the  one  in  a  direction  at  right  angles  to  the  other. 

Answew. — In  Fig.  7,  Q  R  is  the  line,  and  P  is  a  point  on  the  line  pro- 
duced. While  Q  moTes  along  AB  and  B  along  CD,  P  describes  the  eUiptio 
path  ACBD. 

Construction. — Draw  two  lines,  AB  and  CD,  at  right  angles  to  one 
another,  meeting  at  O.  Along  OA  measure  Oa  =  E.Q,  say  1  in. ,  and 
oA  =  QP,  say  IJin.  A  is  the  first  position  of  P.  Let  R  move  down  OD 
to  position  Ri,  Q  will  come  into  position  Qj  on  AO.  Draw  a  line  through 
RiQi  and  produce  it  towards  Q, ,  making  Qj  P,  =  QP.  Similarly,  find  the 
positions  Pj,  Pg,  P4,  making  Q4P4  =  Q3P3  =  QsP^  =  QjPi  =  QP.  When  R 
is  at  d,  Q  is"  at  O,  and  P  is  at  C :  thus  CO  =  PQ.  Q  now  moves  along  OB, 
and  R  returns  along  DO,  while  P  traces  out  CB,  the  second  quadrant  of 
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the  ellipse.  When  P  reaches  B,  Q  is  at  6,  and  R  has  returned  to  O.  R 
now  begins  to  move  along  OC,  while  Q  returns  to  0,  and  P  traces  out  the 
arc  BD.  Lastly,  while  ii  comes  baok  along  CO  to  O,  and  Q  returns  along 
OA  to  its  original  position  at  a,  P  traces  out  the  remainder  of  the  ellipse 
and  completes  the  figure  ACBD.  It  will  be  observed  that  PQ  +  QR  = 
OA  =  OB,  the  semi-major  axes  of  the  ellipse,  and  that  PQ  =  OC  =  OD, 


Fig.  8.— Elliptic  Tbahmul. 


Pig.  9. — Diagram  of  a  Point  Path,  such  as  a  Point  in  thb 
connbctino-bou  of  a  reciprocating  engine. 

the  semi-minor  axes.  When  these  are  given,  then  this  is  one  of  the 
methods  used  for  drawing  an  ellipse  in  the  form  of  the  elliptic  trammel, 
as  shown  by  Fig.  8.     It  is  often  thus  employed. 

E3IiptiC    TrammeL — ^In  Fig.   8  there  are  two  grooved  cross  arms 
CA  of  hard  wood  or  of  metal  which   give  the  neceasaiy  constrained 
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axial  motion  to  pins  Q  and  R  on  the  cylindrical  bar  PQR.  The  relative 
positions  of  the  sliding  pieces  P,  Q,  and  R  can  be  altered  at  pleasure  to 
give  different  sizes  or  shapes  of  figures.  When  the  adjustable  sliding 
piece  at  P  is  shifted  out  to  P',  whilst  Q  and  R  remain  as  set  for  the  inner 
curve,  the  outer  ellipse  is  described.  It  will  be  observed  that  this  is 
not  a  parallel  ellipse,  but  differs  both  in  shape  and  size. 

Case  (6). — When  the  one  extremity  of  a  line  moves  in  a 
straight  line,  and  the  other  end  in  a  circle. 


Pio.  10.— DIAGB4M  OP  Point  Path,  when  the  Exteemities 
MOVE  IN  Circular  Arcs. 

Answbr, — In  Fig.  9,  Q  has  a  reciprocating  straight  line  motion  and  R 
has  a  motion  in  a  circle.  Let  the  line  be  4^  feet  long  and  the  stroke  or 
range  of  motion  be  say  3  feet.  Draw  to  a  scale  of  3^  the  path  of  a  point  P 
situated  midway  between  Q  and  R. 

Construction. — Draw  a  line  AB,  and  at  a  point  O  on  it  as  centre,  and 
radias,  1  foot  6  inches,  describe  a  circle  and  divide  its  circumference  into 
twelve  equal  parts.  Beginning  with  point  Rj  on  the  circle  as  centre,  and 
with  radius  4|  ft. ,  cut  the  line  AB  at  Qj.  Then  from  R^  on  the  circle  with 
the  same  radius  cut  the  line  at  point  Q,.  In  the  same  way  we  find  the 
remaining  points  3  to  12  on  the  straight  line,  and  join  Rj  Qj,  Rj  Q,,  etc., 
and  bisect  each  line  so  drawn  to  obtain  twelve  points  on  the  elliptic  path 
of  P,  as  shown  by  the  curve  Pj,  P2,  Pg,  etc.,  in  the  figure. 
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Case  (c). — When  the  extremities  are  constrained  to  move  in 
circular  arcs. 

Answer. — ^In  Pig.  10  the  paths  of  the  extremities  of  the  line  are  arcs  of 
equal  radius,  placed  at  a  short  distance  apart,  and  while  the  extremities  of 
the  given  line  move  along  these,  its  middle  point  describes  a  double-looped 
curve,  resembling  the  figure  8.  Let  A  and  B,  two  points  6  inches  apart,  be 
the  centres  of  two  arcs  of  circles  a  b  c,  and  d  ef  of  1\  inches  radius.  Fnrther, 
let  the  line  QR,  whose  extremities  are  to  move  along  these  arcs,  be  equal 
in  length  to  their  common  tangent,  and  let  P,  the  point  whose  path  is  to 
be  traced,  be  as  in  the  last  case  the  middle  point  of  the  line  QR.  The 
central  position  of  P  will,  of  course,  be  situated  on  the  line  of  centres  AB 
and  midway  between  A  and  B — viz. ,  at  the  point  Pj.  Also,  the  central 
positions  of  the  line  QR  will  be  the  tangents  QjRi,  Q4R4,  through  Fj,  to 
the  arcs  ah  c  and  d  ef,  and  the  extreme  positions  of  the  line  QR  will 
coincide  with  the  tangents  to  the  arcs  through  their  centres  A  and  B,  viz., 
Q3R3,  QjRj,  Qe^^e'  ^^'^  Qs^ai  ^'^  corresponding  positions  of  P  being  at 
Pj,  P3,  P4,  and  Pj.  The  extreme  positions  of  P  are  at  the  points  C  and  D 
on  the  line  CD,  the  perpendicular  to  AB  through  its  middle  point  Pj. 

OcmtrucXwii. — Draw  a  straight  line  AB,  and  on  it  mark  two  points,  A 
and  B,  6  inches  apart.  With  these  as  centres,  radius  2^  inches,  draw  the 
arcs  ahc  and  d ef.  Bisect  A  B  at  Pj.  Through  Pj  draw  C D,  a  perpen- 
dicular to  A  B,  and  tangents  Qj  R^,  Q^  R^  to  the  arcs.  From  centre  A 
draw  &.d,  Af,  tangents  to  the  arc  def,  and  from  centre  B  draw  Ba, 
Be  to  the  arc  abc.  By  joining  the  points  QiRi,  Q4R4,  we  show  the 
middle  positions,  and  by  joining  the  points  Q3R3,  Q^Rj,  QeRg.  ^nd 
Qg  R;,  the  extreme  positions  of  Q  R  in  its  range  of  motion.  By  bisecting 
each  of  these  lines,  the  corresponding  position  of  P  is  determined. 

For  the  intermediate  positions  of  the  line,  take  a  number  of  points  on 
the  one  arc,  and  with  these  as  centres,  radius  QR,  cut  the  other  arc 
Thus,  on  arc  ahc  take  a  number  of  points  1,  2,  3,  &c.,  as  successive 
positions  of  B,  and  with  these  as  centres,  radius  Q  R,  cut  the  arc  def  at 
1,  2,  3,  &;c. ,  for  the  corresponding  positions  of  Q.  Thus,  beginning  with  R 
at  position  R],  Q  is  then  at  Qi  and  P  at  Pj,  the  intersection  of  AB  and 
C  D.  Supposing  the  line  to  begin  to  move  from  that  towards  the  left  hand, 
R  moves  along  the  arc  from  Rj  through  R5  to  Rj,  its  extreme  position,  while 
Q  moves  from  Q^  to  Q3  at  d,  and  back  again  to  Q3.  When  Q  reaches  Q,, 
then  R  is  at  Rj,  and  P  has  returned  to  its  middle  position,  as  at  first, 
having  traced  out  the  left-hand  loop  of  the  curve.  During  the  second  half 
of  the  motion,  Q  moves  from  Q,  to  Q^,  its  extreme  position,  and  back  to 
Qi,  while  R  has  passed  from  'R^  through  Rj  to  R^,  and  back  to  Rj,  and  P 
has  traced  out  the  right-hand  loop  and  thus  completed  the  figure. 

By  making  the  construction  follow  these  movements,  the  student  will 
find  no  difliculty  in  tracing  the  curve  of  P's  motion.  (Notice  that  the 
middle  portions  of  the  path  are  straight  lines — a  fact  which  was  ingeniously 
taken  advantage  of  by  Watt  in  his  Parallel  Motion. ) 

The  Conicograph. — As  an  example  which  will  bring  the  idea 
of  a  point  path  before  the  mind  of  the  student  in  a  practical  form, 
I  may  here  refer  to  an  ingeniously  simple  instrument,  called 
the  conicograph;  and  as  it  illustrates  the  principle  which  runs 
through  a  number  of  the  preceding  exercises,  it  may  not  be  out 
of  place  to  describe  it  at  some  length. 

The  conicograph  is  the  invention  of  Mr.  A.  C.  Campbell,  of 
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Bridgeport,  Conn.,  U.S.A.,*  and  its  object  is  to  enable  the 
draughtsman  to  describe  those  curves  known  as  the  "conic 
sections,"  particularly  the  ellipse,  parabola,  and  hyperbola.  The 
student  will  have  no  difficulty  in  recognising  at  once  the 
principle  upon  which  the  conicograph  works — viz.,  that  of  de- 
scribing the  path  of  a  point  moving  equidistantly  between  a  fixed 
point  and  a  line  or  a  circle. 

Instruments  have  been  devised  for  describing  each  of  those 
curves;  but  the  conicograph  is  perhaps  unique  in  being  able 
to  describe  all  three.  It  consists  of  six  links,  four  of  which  are 
connected  together  by  pins  and  eyes  to  form  the  jointed  paral- 


Fio.  11.— The  Conicograph  describing  an  Ellipsb. 

lelogram  1,  2,  3,  4,  in  Figs.  11,  12,  and  13.  The  fifth  link  1,  3 
is  a  diagonal  of  the  parallelogram,  and  a  tangent  to  the  curve ; 
hence  referred  to  as  the  tangent  bar.  It  is  jointed  by  an  eye  to 
the  pin  at  1,  and  connected  by  a  sliding  piece  to  the  joint  at  3. 
The  sixth  link  2,  5,  6  forms  the  radius  bar  of  the  apparatus.  It 
is  connected  with  the  tangent  bar  by  a  compound  sliding  piece 
at  5,  which  carries  the  describing  point.  It  is  further  connected 
to  the  parallelogram  at  the  pin  joint  2,  which  describes  the  line 
or  circle  referred  to  above ;  and  lastly,  it  either  turns  round  or 
•  Trans.  Amer.  Soc.  Mech.  Eng.,  VIII.,  145. 
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slides  along  its  other  extremity  at  the  joint  6.     If  we  consider 
the  straight  line  2,  2'  of  Fig.  12  as  an  arc  of  a  circle  of  infinite 


Fig.  12. — ^The  Cokicogeaph  desceibihg  a  Pababola. 


Fig.  13. — The  Conicograph  describing  a  Htpbrbola. 

radius,  then  we  may  say  2,  5,  6  is  a  radius  bar  in  all  three 
examples,  turning  round  about  the  joint  6  at  its  further  extremity. 
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Since  trom  the  nature  of  the  mechanism  as  so  constructed  the 
describing  point  at  joint  5  can  only  move  in  the  parallelogram 
along  the  diagonal  1,  3,  it  is  in  all  positions  equidistant  from  the 
joints  2  and  4 — the  extremities  of  the  other  diagonal  of  the 
parallelogram.  Thus  it  follows,  that  if  one  of  these  joints  is 
centred  at  a  fioced  point,  while  the  other  is  made  to  move  in 
a  straight  line  or  in  a  circle,  that  we  have  the  conditions  necessary 
for  describing  the  required  curves. 

(a)  By  causing  joint  2  to  move  in  the  straight  line  2,  2',  Fig. 
12,  and  fixing  the  opposite  joint  of  the  parallelogram  to  turn 
round  at  4,  then  the  describing  point  at  5  will  move  equidistantly 
between  the  line  2,  2'  and  the  fixed  point  4,  and  thus  trace  out  a 
parabola. 

(6)  In  Fig.  11  the  joint  2  is  caused  to  move  in  the  circle  2,  2', 
while  the  opposite  joint  is  fixed  to  turn  at  4,  a  point  within 
the  circle  2,  2'.  The  result  is  that  the  describing  point  at  5, 
moving  equidistantly  as  it  does  between  the  circle  2,  2'  and 
the  fixed  point  4  within  it,  traces  out  part  of  an  ellipse. 

(c)  In  Fig.  13  the  joint  2  again  moves  in  a  circle,  viz.,  the 
arc  2,  3,  while  the  opposite  joint  is  fixed  to  turn  at  4,  a  point 
without  the  circle  2,  3.  The  describing  point  at  5  now  moves 
equidistantly  between  the  circle  2,  3  and  the  fixed  point  4  without 
it,  and  thus  describes  a  hyperbola. 

Figs.  11,  12,  and  13  are  diagrammatic  representations  of  the  construc- 
tion of  the  instrument.  For  the  ellipse  and  the  hyperbola  the  construction 
is  the  same,  but  the  order  of  the  joints  on  the  radius  bar  is  different,  as  it 
depends  upon  the  relative  position  of  the  fixed  point  and  the  circle.  For 
the  ellipse  2  falls  beyond  5,  whereas  for  the  hyperbola  it  falls  within  5,  the 
order  in  the  one  case  being  6,  5,  2,  and  in  the  other  6,  2,  5. 

For  the  parabola  the  radius  bar  is  fitted  with  a  T-head  for  sliding  along 
the  edge  of  a  T-square  or  a  straight-edge ;  for  2,  instead  of  describing  a 
circle  round  6,  now  moves  parallel  to  it  in  the  straight  line  2,  2'. 

In  Fig.  11  one  position  of  the  instrument  is  shown  at  1 6,  and  a 

subsequent  position  at  1' 6',  when  the  describing  point  has  passed 

from  5  to  .5'.      For  the  description  of  the  left-hand  side  of  the  ellipse, 

joints  4  and  6  have  to  exchange  places.     The  dotted  Fig.  1" 6"  to  the 

left  shows  the  position  of  the  instrument  when  the  describing  point  is 
at  5".  The  same  exchange  of  position  has  to  take  place  between  the 
joints  4  and  6  in  drawing  the  left-hand  curve  in  Fig.  13. 

Explanation  of  Terms :  Exercises  on  Loci. — The  student  should 
now  be  able  of  himself  to  find  his  way  through  a  number  of 
problems  on  loci,  with  a  little  assistance  from  notes  added  to 
them. 

Those  which  follow  are  classified,  not  as  to  the  manner  in 
which  they  are  derived,  but  according  to  result.  In  this  way, 
while  they  form  good  exercises  in  drawing,  in  that  they  require 
neat  and  skilful  working  in  order  to  obtain  correct  results,  at 
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the  same  time  many  of  them  are  useful  as  methods  of  construct- 
ing certain  curves  and  figures,  and  to  this  attention  is  also 
directed.  More  important,  perhaps  than  either  of  these  con- 
siderations, is  the  training  in  giving  a  graphical  representation 
of  geometrical  conditions. 

A  word  or  two  may  be  helpful  here  as  to  the  meaning  of  the 
terms  used  in  the  following  heading.  Previously,  a  locus  was 
referred  to  in  one  place  as  the  curve  corresponding  to  an  equation ; 
in  another  as  the  path  of  a  point  moving  on  the  paper  according 
to  certain  conditions.  The  student  will  now  be  in  a  position  to 
understand  the  general  definition  of  the  term. 


Definition  of  the  Locns  of  a  Point* 

When  a  point  is  restricted  by  conditions  of  any  kind  to  occupy 
any  of  a  particular  series  of  positions,  that  series  of  positions  is 
called  the  locus  of  the  point. 

The  term  "point  path"  may  be  used  to  distinguish  those 
loci  which  may  be  conceived  of  as 
being  the  result  of  mechanical 
movements  of  any  kind  from  those 
which  are  derived  from  purely  mathe- 
matical or  geometrical  considerations. 
For  examj  le,  to  an  ellipse,  as  a  curve 
traced  through  points  which  all  lie  in 
the  same  relation  as  to  distance  from  a 
given  fixed  point  and  straight  line ;  or, 
as  the  graphic   representation   of  the 

equation  "y  +  TI  =  1,  we  would  apply 

the  name  geometrical  locus.  But  to  an 
ellipse  as  described  by  means  of  a  string 
tied  to  the  foci ;  by  the  conicograph,  or 
by  the  elliptic  trammel ;  or,  lastly,  by 
a  point  on  the  connecting-rod  of  a  steam 
engine,  we  may  more  aptly  apply  the 
term  point  path. 

Note. — Teachers  may  Jind  it  convenient  to  set  Exercises  1  and  8  to  their 
students  as  class  questions.  Private  students  should  work  mU  these  questions 
carefotUy  -at  home.  Students  should  be  encouraged  to  make  scale-working 
models  of  these  problems  of  cardboard  or  wood-slip  with  strong  ping  or  steel 
needles  for  the  joint  centres,  and  to  test  by  experiment  the  accuracy  of  their 
drawings  and  calculations. 


Fig.    14.  —  Example   op 

Two  BaeS    PrVOTED   AT 

Two  Points,  and  moved 

AS       STATED       IN        THE 

Question. 


*  Eagles'  Const.  Geom.  of  Plane  Curves,  p.  29. 
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Exercise  I.,  Pig.  14.— Two  bars,  Ojo,  O26,  are  pivoted  at  Oj  and  0, 
respectively.  At  i  they  pass  through  a  saddle,  which  can  travel  along  O^a 
at  -Sths  the  speed  at  which  it  can  move  along  Oj  6.  Trace  the  locus  of  i. 
What  is  this  curve  ? 

Mark  off  points  along  O]  a  and  O2  h  at  distances  from  i  in  the  proportion 
of  2  to  5.  With  Oj  and  0^  as  centres,  draw  intersecting  arcs  through 
the  points.  The  curve  that  passes  through  the  intersections  is  only 
approximately  circular,  as  the  lengths  Oi  i  ahd  Qj  i  are  not  quite  in  the 
proportion  of  2  to  a  to  begin  with. 

EXBECISB  II.,  Fig.  15.— A  line  P  Q,  of  fixed  length,  passes  through  a 
point  "O,  about  which  it  turns  as  a  fixed  centre.  A  point  E,  midway 
between  P  and  Q,  is  constrained  to  move  along  a  fixed  straight  line  A  B. 
Trace  t'he  paths  of  P  and  Q.  Take  0  at  1  '2  inches  distant  from  A  B,  and 
let  P  Q  =  3  8  inches. 


Diagram  to  Illustrate  Exekcise  II. 


Oonstruction. — Through  0,  as  a  pole,  draw  a  number  of  rays — e.g.,  DP, 
cutting  A -B  at  R.  Make  RP  one-half  the  given  length  PQ;  also,  cut  off 
R  Q  of  the  same  length  on  R  0  produced,  if  necessary. 

Through  the  double  series  of  points  so  found  draw  curves. 

These  curves  are  known  as  the  Conchoid  of  Nicomedes. 
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Lecture  I. — Questions. 


1.  {a)  State  what  is  required  to  make  the  position  of  any  point  in  space 
perfectly  definite,  and  also  that  of  any  point  on  a  plain  sheet  of  paper. 
(6)  Illustrate,  by  sketches,  and  describe  the  methods  of  fixing  the  position 
of  any  point  by  oblique,  by  rectangular,  and  by  polar  co-ordinates. 

2.  Illustrate,  by  sketches,  curves  fulfilling  (1)  kinematic,  (2)  geometric, 
and  (3)  algebraic  conditions. 

3.  Elliptic  trammels  are  frequently  used  for  marking-off  the  shapes  and 
sizes  of  manhole  doors  in  boilers,  &c.  Sketch  and  describe,  as  well  as 
show,  how  such  a  piece  of  mechanism  is  derived. 

4.  Referring  to  the  opposite  figure  of  Joy's  valve  gear,  as  applied  to  a 
marine  engine  of  this  type,  let  the  length  of  the  stroke  of  the  piston  be 
48  inches,  and  the  length  of  the  connecting-rod  between  the  crosshead  and 
jrank  shaft  centres  be  6  feet.  Trace  the  path  described  by  the  centre  of 
the  joint  J  during  one  revolution  of  the  crank  shaft.* 

5.  Let  the  length  of  the  locomotive  connecting-rod  in  the  opposite  figure 
equal  5J  feet,  and  the  distance  of  the  centre  of  the  Joy  valve  gear  joint  be 
2  feet  from  centre  of  crosshead,  whilst  the  stroke  is  24  inches.  Trace  the 
curve  described  by  centre  of  valve  gear  joint.* 

6.  Sketch  and  describe  the  conicograph.  How,  and  for  which  purpose, 
is  it  used  ? 

7.  Define  the  term  ' '  locus  of  a  point."  The  piston  of  a  vertical  engine 
has  a  travel  of  18  inches,  and  the  connecting-rod  is  36  inches  in  length 
between  centres  of  bearings.  The  line  of  action  of  the  piston  cuts  the 
horizontal  position  of  the  crank  4  inches  from  the  centre  of  the  crank 
shaft.  Draw  the  curve  of  position  of  the  mid  point  of  the  connecting-rod 
for  a  complete  revolution  of  the  crank.     Use  a  scale  of  one-eighth. 

(C.  &  G.,  O.,  See.  A,  1908.) 

*  See  the  author's  Text-Book  on  Steam  and  Steam  Engines,  &c.,  16th 
Edition,  for  descriptions  of  these  two  applications  of  Joy's  valve  gear, 
wherein  the  motion  for  working  the  slide  valve  is  derived  from  the 
connecting-rod. 


joy's  valve  g&ar. 
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Pio.  15  (Question  4). — Jot's  Valvi}  Gear  as  Applied  to  a  Mabise 

Enoinx. 


Fig  16  (Question  5).— Jot's  Valve  Gear  as  Applied  to  a  Locomotive. 
6  2 
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LECTURE  II. 

Contents. — Point  Paths  in  Mechanisms — Higher  and  Lower  Pairing- 
Kinematic  Pairs — Kinematic  Link — Kinematic  Chain — Constrained 
Closed  Chain— Inversion  of  the  Chain— The  Slider  Crank — The 
Double  Slider  Crank — Exercises  I.  to  VII. — Questions. 

Point  Paths  in  Mechanisms. — The  word  mechanism  is  no  doubt 
familiar  enough,  and  every  student  of  engineering  has  some  idea 
of  what  it  means.  Nevertheless,  when  the  question  is  put  in  an 
oif-hand  way  to  a  class,  it  generally  gets  very  partial  and  even  con- 
tradictory answers.  Two  such  typical  answers  that  come  nearest 
to  the  mark  are  :  (1)  A  mechanism  is  the  essential  moving  part  of 
a  machine  ;  (2)  a  mechanism  is  an  ideal  machine.  But  this  leads 
to  a  further  question,  What  is  a  machine? — one  that  is  even 
more  difficult  to  answer,  and  not  by  students  only.  For  instance, 
Reuleaux,  in  his  Theoretisohe  Kinematik,  quotes  no  less  than 
seventeen  different  definitions  of  a  machine,  by  as  many  writers ; 
and  Professor  Kennedy,  in  his  translation  of  that  work,  adds 
some  more. 

We  may  look  at  machines  in  general  from  three  different  points 
of  view — (1)  objects,  (2)  construction,  (3)  action  j  and  when 
we  further  seek  to  find  what  is  the  general  characteristic  of  all 
machines,  under  each  of  these  three  heads,  the  modern  theory 
of  machines  gives  us  for  answers  :  (1)  To  transform  natural 
energy  into  particular  kinds  of  work  by  (2)  a  combination  of 
resistant  bodies,  (3)  whose  relative  motions  are  completely  con- 
strained. 

From  our  present  point  of  view — viz.,  the  kinematic — 
we  have  regard  only  to  the  two  latter  heads — viz.,  (2)  the 
essential  form  of  the  pieces  which  make  up  the  combination  of 
resistant  bodies  referred  to,  and  (3)  their  relative  movements  as 
determined  by  the  arrangement  of  the  pieces  and  the  nature  of 
the  connections  between  them. 

It  is  with  the  latter  (3)  that  we  are  principally  concerned  in 
the  exercises  which  follow. 

Higher  and  Lower  Pairing. — We  have  to  notice  first,  that  the 
general  characteristic  of  motion  in  machines  is,  that  the  motions 
are  all  constrained — viz.,  that  every  point  moves  in  a  definite 
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path,  and  cannot  move  in  any  other  than  the  arrangement  of  the 
parts  and  the  nature  of  the  connection  between  them  will  admit  of. 
The  connection  may  be  (a)  line  contact — e.g.,  between  the  teeth 
of  wheels  or  between  cams,  wipers,  and  pallets;  (6)  surfcuse 
contact — e.g.,  between  a  piston  and  its  cylinder  or  a  nut  on  its 
screw.  Line  contact  between  the  pieces  is  called  higher  pairing, 
and  surface  contact  lower  pairing.  The  vast  majority  of  pieces 
in  machines  are  connected  in  the  latter  way.  When  we  look 
into  this  we  naturally  expect  to  find  a  great  variety  of  ways  in 
which  moving  pieces  may  be  connected  by  surface  contact.  But 
it  is  a  remarkable  fact  that  there  are  only  three  such  ways  which 
give  complete  constrainment  to  the  motion.     These  are  : — 

1.  The  solid  a/nd  hollow  prism,  constituting  what  is  called  the 
prism  pair,  from  their  form  ;  or  the  sliding  pair,  from  the  fact 
that  they  permit  only  of  a  sliding  motion,  or  motion  of  transla- 
tion. Examples :  A  piston  in  its  cylinder,  a  slide  block  in  its 
guides,  a  disengaging  coupling  on  a  shaft,  and  a  lift  valve  in  its 
seat. 

2.  The  solid  and  hollow  revolutes  (solids  of  revolution),  a 
cylindric  pair  or  turning  pair,  permitting!  only  of  a  turning 
motion  or  motions  of  rotation.  Examples  :  The  common  pin  and 
eye,  a  shaft  axle  or  spindle  in  its  journal  bearings,  a  loose  pulley 
on  a  shaft. 

3.  The  common  screw  and  nut,  a  twisting  pair,  permitting 
only  of  helical  motion — i.e.,  simultaneous  sliding  and  turning,  or, 
more  exactly,  simple  translation  combined  with  simple  rotation 
proportional  to  the  sliding. 

Kinematic  Pairs. — These  constraining  surfaces  are  called  kine- 
matic elements,  and,  as  the  one  is  of  no  use  without  the  other 
since  there  must  be  a  pair  of  them,  each  of  its  own  kind,  they 
are  called  kinematic  pairs.  They  are  further  distinguished  as  the 
three  kinematic  closed  pairs,  since  in  their  case  the  one  working 
surface  completely  envelops  or  encloses  the  other;  hence  also  the 
complete  constrainment  of  the  motion  of  adjacent  pieces.  Thus 
points  (1)  on  the  prism  pair  can  only  move  in  lines  parallel  to  the 
guiding  surfaces;  (2)  on  the  revolutes  only  in  circles;  (3)  on  the 
screw  pair  only  in  helices.  Paths  1  and  2,  as  plane  motions,  fall 
within  our  present  scope  ;  paths  3,  as  non-plane  motions,  do  not. 
But  as  the  great  majority  of  the  point  paths  in  machines  are  plane 
motions,  this  limitation  does  not  restrict  us  much.  In  connec- 
tion with  these  kinematic  pairs,  one  other  point  should  be 
noticed.  The  pairs  can  be  inverted  without  altering  the  poini 
paths — i.e.,  it  does  not  matter  which  element  of  a  pair  is  carried 
by  the  fixed  piece  and  which  by  the  moving  piece,  the  relative 
motion  of  the  pair  is  not  altered. 
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Thus,  in  the  prism  pair,  the  solid  prism  may  move  in  the 
hollow  one,  or  the  hollow  one  may  move  on  the  solid  one,  but 
the  motion  is  one  of  translation  in  either  case,  and  the  point 
paths  are  straight  lines.  Similarly  representing  the  turning 
pair  by  a  wheel  or  an  axle,  the  point  paths  are  circles  if  either 
be  supposed  to  move  relatively  to  the  other. 

Thus  the  paths  which  arise  from  the  direct  use  of  the  lower 
pairs  are  very  simple,  but  other  paths  can  be  obtained  indirectly 
by  lower  pairing,  when  the  pieces  so  connected  are  combined. 
For  example,  referring  to  Fig.  8  (Lect.  I.),  we  see  a  piece  Q  P', 
which  has  its  motion  determined  by  two  turning  and  two  sliding 
pairs  at  Q  and  R,  give  elliptic  paths  at  P  and  P'.  Again,  in  the 
conicograph  the  joints  1,  2,  4,  and  6,  in  Figs.  11  and  13  (Lect.  I.), 
are  simple  turning  pairs,  joint  3  a  turning  pair  superimposed  on 
a  sliding  pair,  and  at  joint  5  a  sliding  pair  on  a  sliding  pair, 
yet  the  path  of  point  5  could  be  made  either  an  ellipse  or  an 
hyperbola,  according  to  the  relative  position  assigned  to  the 
pairs  at  2,  5,  and  6  ;  and  by  exchanging  the  turning  pair  at  6  of 
Fig.  13  (Lect.  L)  for  a  sliding  pair,  as  in  Fig.  12  (Lect.  L),  the 
path  of  5  became  a  parabola. 

Kinematic  Link, — A  piece  may  carry  a  number  of  kinematic 
elements,  but  two  are  sufficient  to  constitute  it  a  kinematic  link. 
Thus,  referring  again  to  the  conicograph.  Fig.  11  (Lect.  L),  each 
of  the  bars,  1-2,  2-3,  3-4,  4-1,  carries  either  a  pin  or  an  eye — i.e.. 
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one  of  the  elements  of  a  turning  pair — at  each  end,  while  bar  1-3 
carries  a  slot  as  guide  for  sliding  blocks  at  5  and  3,  and  a  forked 
eye  at  1.  In  each  of  these  cases  the  one  element  is  of  such  a  kind 
as  to  permit  of  the  desired  motion  of  its  neighbour  element,  and 
to  prevent  every  other  kind  of  motion.  Or,  referring  to  Fig.  1 
of  this  lecture,  bar  6  carries  an  eye  at  both  ends,  1  and  2, 
bar  c  carries  a  pin  at  2  and  at  3,  bar  d  carries  an  eye  at  3  and  a 
hollow  prism  guide  at  4.  Each  of  these  bars,  then,  in  virtue  of 
carrying  a  pair  of  elements,  forms  a  kinematic  link.  But  there 
is  a  fourth  link  in  Fig.  1 — ^viz.,  the  block  a,  for  a,  in  addition 
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to  being  a  solid  prism  suitable  for  movement  in  the  prismatic 
slot  in  bar  d,  and  thus  forming  one  element  of  a  sUding 
pair,  carries  a  pin  which  is  the  complement  of  the  eye  on 
6  at  1. 

Now,  with  reference  to  the  possible  motions  of  the  pieces,  h 
can  only  move  relatively  to  a  by  turning  round  1,  and  to  c  by 
turning  round  2,  c  relatively  to  6  by  turning  round  2,  and  to  d 
by  turning  round  3,  d  relatively  to  c  by  turning  round  3,  and  to 
a  by  sliding  on  it ;  and  lastly,  a  can  only  move  relatively  to  <^  by 
sliding  along  in  it,  and  to  d  by  turning  about  1.  It  will  also 
be  seen  that  the  bar  d,  which  in  Fig.  1  is  the  frame  of  the 
machine,  and  the  block  a,  are  just  as  much  kinematic  links  as 
are  h  and  c,  the  only  parts  which  would  be  recognised  as  links  in 
the  common  acceptation  of  the  term.  So  also  in  the  previous 
example,  Fig.  11  (Lect.  I.),  there  is  a  link  which  is  apt  to  be  over- 
looked. We  may  suppose  a  bar  to  carry  the  pins  which  form  the 
turning  centres  at  4  and  6.  These  centres  in  Fig.  11  (Lect.  I.) 
are  fixed,  but  in  carrying  these  two  pins  this  supposed  bar  4-6 
carries  two  elements  of  the  two  turning  pairs  of  4  and  6,  and 
is  therefore  as  much  a  kvnematic  link  as  are  any  of  those 
which  actually  move.  It  is  the  fixed  link  of  Reuleaux,  and 
corresponds  to  the  frame  of  the  machine  of  Eankine  and  the 
older  writers. 

Kinematic  Chain. — A  series  of  links  or  combination  of  pairs 
of  elements,  such  as  either  of  the  foregoing  illustrations, 
constitutes  a  kinematic  chain. 

Constrained  Closed  Chain. — Two  links  joined  by  any  par 
ticular  pair  of  elements  can,  as  we  have  just  seen,  have 
only  the  kind  of  motion  permitted  by  that  pair — i.e.,  the 
motion  of  the  one  is  perfectly  definite  relatively  to  the  other. 
But,  if  a  third  link  be  added,  the  motion  of  the  third  is 
indefinite  relatively  to  the  first,  unless  under  a  certain  condi- 
tion. Definite  motions  only  occur  when  the  links  are  so  ar- 
ranged that  an  alteration  in  the  position  of  any  one  link 
relatively  to  the  one  next  to  it  is  accompanied  by  a  definite 
alteration  in  the  position  of  every  other  link  relatively  to  the 
first.  When  a  chain  satisfies  that  condition,  each  link  has  only 
one  relative  motion  to  each  other  link,  and  the  chain  is  then 
known  as  a  constrai/ned  closed  chain. 

For  example,  referring  again  to  Fig.  11  (Lect.  I.),  if  link  2-3  be 
added  to  links  4-1  and  1-2,  it  is  easy  to  see  that  while  each  adjacent 
pair  of  links  have  definite  motions  relatively  to  one  another, 
links  4-1  and  2-3  would  have  no  such  definite  relative  motion ; 
but  let  them  take  their  places  as  part  of  the  closed  chain  formed 
by  the   whole  instrument,   then  the  motion   of  every  link  is 
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perfectly  definite  relatively  to  every  other.  Lastly,  let  us  fix 
one  link  of  the  chain.  Then  all  the  links  move  not  only  in 
a  definite  manner  relatively  to  one  another,  but  in  a  definite 
manner  relatively  to  other  objects  around.  The  motions  are 
now  all  of  that  completely  definite  and  determinate  kind  which 
occur  in  machines.  The  chain  could  now  represent  a  machine, 
so  far  as  its  motions  are  concerned.  It  is  now,  in  that  respect, 
the  ideal  form  of  a  machine,   or,  in  other  words,  it  is  now  a 

MECHANISM. 

In  connection  with  the  fixing  of  one  link,  a  very  important 
principle  becomes  apparent^viz.,  that  a  number  of  mechanisms 
may  be  formed   out  of  the   one   chain.      Thus   Pigs.  1   to  4 


Fig.  2. — Mechanism  of  Oscillating  Steam 
Engine. 


Fig.  3. — Mechanism  fok 
Quick-Retitkn  Motion 
in  Machines. 


Fig.  4. — Mechanism  fok  Tbavsfobmin'g 
Circular  into  Rbciprocating 
Motion,  or  vice  verad. 


show  the  difi'erent  mechanisms  which  may  be  formed  out  of  the 
four-link  chain  of  Pig.  1.  Pig.  1  includes,  as  has  been  already 
noticed,  three  turning  pairs,  and  one  sliding  pair. 

1.  If  we  fix  the  link  d,  we  get  part  of  the  mechanism  of  the 
ordinary  type  of  steam  engine.  Link  d  would  be  the  frame, 
consisting  of  bed-plate,  guides,  and  pedestal  bearing,  a  the  guide 
block,  b  the  connecting-rod,  and  c  the  crank. 

2.  Suppose  now  that  we  fix  the  link  b  instead  of  the  link  d,  we 
again  get  a  familiar  mechanism,  Pig.  2,  for  if  we  invert  the 
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sliding  pair  at  1,  and  make  the  block  a  move  in  the  guides  as 
it  does  in  Fig.  5,  instead  of  the  guides  sliding  on  the  block 
as  in  Fig.  2,  we  then  see  part  of  the  mechanism  of  the  oscillat- 
ing cylinder  engine. 

3.  In  the  next  place,  let  the  crank  c  now  become  the  fixed 
link,  and  we  again  get  a  different  mechanism.  Fig.  3,  and  one 
which  is  also  familiar  as  a  means  of  obtaining  a  quick  return 
motion  in  machines. 

4.  Lastly,  if  we  fix  the  guide  block  a,  we  get  the  mechanism 
shown  in  Fig.  4,  one  which  is  also  used,  but  which  is  not  so 
common  as  the  other  three. 

Inversion  of  the  Chain. — Two  or  three  points  are  worthy  of 
the  student's  attention  here.  For  one  thing,  he  will  see  that 
the  idea  of  a  fixed  link  is  a  very  important  one.  It  shows  the 
identity  of  the  chain  in  the  variety  of  the  mechanism,  and  by 
fixing  in  turn  each  link  of  the  chain,  we  see  that  we  may  form 
as  many  mechanisms  out  of  one  such  chain  as  there  are  links  in 
it.  Another  point  to  be  noticed  is  the  reciprocal  nature  of  the 
relationship  between  these  pairs  of  elements,  which  permits  of 
the  inversion  of  the  pair  without  alteration  of  the  relative 
motion,  showing  identity  where  we  would  otherwise  see  variety. 
The  alteration  by  which  we  change  one  mechanism  into  another 
(using  the  same  chain)  in  the  choice  of  a  fixed  link  is  called 
the  inversion  of  the  chain. 

The  Slider  Crank. — The  example  of  a  chain,  which  is  used  in 
the  present  section,  is  that  known  in  Reuleaux's  system  as  the 
cylindric  slider  crank  chain.  The  mechanisms  derived  from  it 
each  consist  essentially  of  three  parallel  cylindric  (turning)  pairs, 
and  one  prismatic  (sliding)  pair.  The  chain  is  very  concisely 
represented  by  the  formula  (Cj'T-'-),  where  C  and  P  are  the 
symbols  for  cylinder  and  prism  respectively;  the  sufl5x  3  re- 
presents the  number  of  cylindrical  pairs  of  elements;  the  double 
accent  above  the  0  shows  that  these  pairs  are  parallel  to  one 
another ;  and  the  symbol  J_  in  this  connection  means  that 
the  axis  of  the  prism  pair  is  set  at  right  angles,  or  normally 
to  the  axes  of  the  cylindric  pairs. 

Referring  again  to  the  Figs.  1  and  4,  which  show  the 
four  mechanisms  derived  from  this  four-link  chain,  and  taking 
them  in  the  same  order  as  before,  they  would  be  distinguished 
from  one  another  thus  :  (1)  a  turning  slider  crank  (Cg'T-^)'';  (2) 
a  swinging  block  slider  crank  (Cj'T-"-)' ;  (3)  a  turning  block  slider 
crank  (C/P-^)";  and  (4)  a  swinging  slider  crank  (Cg'T-^)";  the 
names  being  according  to  the  characteristic  motion  of  each,  and 
the  letter  placed  outside  the  bracket  shows  on  which  link  the 
chain  has  been  placed. 
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NoTB. — Teachers  may  find  it  convenient  to  set  Exercises  I.  to  VII.  to  their 
students  as  class  questions.  Private  students  should  work  out  these  questions 
carefully  at  home.  Students  should  be  encouraged  to  make  scale-working 
models  of  these  problems  of  cardboard  or  wood-slip  with  strong  pins  or  steel 
needles  for  the  joint  centres,  and  to  test  by  experiment  the  accuracy  of  their 
drawings  and  calculations. 

Exercise  I.,  Pig.  .5. — Link  6  is  a  ooupling-rod,  connecting  a  sliding 
block  a  with  a  turning  crank  c.  The  lengths  are  5  =  6§  inches,  c  =  24  inches. 
Find  the  paths  of  points  on  b,  situated  at  J,  J,  and  |  of  the  length 
of  b  from  centre  1, 

This  is  an  example  of  a  turning  slider  crank  before  referred  to  as  tlie 
mechanism  of  the  ordinary  type  of  steam-engine.  The  piston-rod  and 
piston  are  kinematicallj'  simply  an  extension  of  the  link  a,  and  the  cylinder 


Fig.  5. -Tukning  Slider  Crank. 


Fig.  6.— SwiNGiNG-Bi.ocK  Slider         \^  ,'' 

Crank.  ""--,__     _,,-''' 

is  part  of  the  fixed  link  d.  The  particular  symbol  for  this  steam-engine 
mechanism  is  (Cj"?^) d/a ;  i.e.,  the  chain  is  placed  on  link  d  and  driven 
by  link  a.  For  the  point  paths,  assume  a  number  of  positions  of  the 
crank  c,  find  the  relative  positions  of  the  block  a,  and  draw  in  the  centre 
lines  representing  the  corresponding  positions  of  the  connecting-rod  6. 
Then  mark  off  the  positions  of  the  three  points  whose  paths  are  to  be 
described.  Point  1  describes  a  straight  line,  2  a  circle,  and  the  paths 
of  the  intermediate  points  are  elliptical,  but  approximate  more  to  the 
straight  line  or  the  circle,  according  as  the  describing  points  lie  nearer  to 
1  or  2  respectively. 
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ExEEOiSE  II.,  Fig.  6. — Link  a  represents  the  cylinder  of  an  oscillating 
engine,  d  the  piston  and  piston-rod,  c  the  crank,  and  b  the  frame.  The 
dimensions  are :  Stroke  2 J  feet,  distance  from  centre  of  piston  to  centre  of 
crank  pin  3  feet  3  inches.  Draw  the  path  of  (1)  the  centre  of  the  piston, 
(2)  the  middle  point  of  the  piston-rod.     Scale  \. 

A  swinging  block  slider  crank,  the  block  in  this  instance  being  the 
cylinder  and  the  slider  the  piston  and  piston-rod,  which  are  kinematically 
one  link,  the  one  having  no  motion  relatively  to  the  other.  The  particular 
symbol  in  this  instance  would  be  (Cs'T-"-)  b/d.  It  is  the  same  mechanism  as 
Fig.  2  by  the  inversion  of  the  sliding  elements  on  links  a  and  d — ^viz. ,  by 
putting  the  open  prism  on  a  and  the  solid  one  on  d.  For  the  point 
paths,  assume  a  number  of  different  positions  of  the  crank  pin  centre,  and 
draw  lines  through  them  and  the  centre  of  oscillation.  Measure  along 
these  lines  for  successive  positions  of  the  describing  points. 


Swinging-Block  Slider  Cbahk. 


ExKBCiSE  III.,  Fig.  7.— Link  d  swings  about  centre  1  and  slides  in  the 
swinging  block  a.  Link  c  is  a  turning  crank,  and  link  b  is  fixed.  The 
dimensions  are :  Length  of  d  =  74  inches ;  of  c  =  IJ  inches ;  distance 
between  centres  1  and  2  =  2  inches.  Find  the  paths  of  several  points  on 
the  swinging  link  d. 

The  same  mechanism  as  the  last,  viz.,  a  swinging  block  slider  crank,  but 
the  paths  are  those  not  of  points  situated  between  centres  1  and  3.  but 
beyond  centre  1.  Notice  that  in  Fig.  7  the  path  of  the  second  point  from 
the  outer  end  of  the  link  is  approximately  a  straight  line  through  a 
considerable  range  of  the  link's  motion.  Compare  with  Fig.  15  (Leet.  I.). 
If  arc  hkl.  Fig.  7,  approximates  to  the  loop  on  the  conchoidal  curve. 
Fig.  15,  then  it  is  evident  that  some  point  on  the  link  d  will  describe 
an  approximately  straight  line.     (See  also  Conchoidal  Parallel  Motions.) 
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Exercise  IV.,  Fig.  8.— The  swinging  link  6  connects  the  sliding  block  a 
with  a  second  swinging  link  c.  The  dimensions  are  :  Length  of  c  =  3i 
inches,  of  6  =  7i  inches,  of  b  between  centres  1  and  2  =  3  inches.  Find 
the  paths  of  a  number  of  points  lying  between  centre  2  and  the  point  P. 

The  same  kind  of  mechanism  as  in  Fig.  4,  for  although  the  chain  is 
now  placed  on  link  d  instead  of  a,  as  in  that  figure,  the  motions  obtained 
are  the  same.  The  point  paths  on  the  prolonged  part  of  the  link  b  (Fig. 
7)  are  of  the  same  kind  as  those  which  would  be  obtained  on  the  link 
c,  produced  in  Fig.  4.  This  mechanism  could  also  be  derived  from  that 
of  Fig.  1  by  reversing  the  length  ratio  of  the  links  6  and  c,  or  by 
attaching  the  link  c  to  some  intermediate  point  of  the  link  6.  This 
alteration  of  the  lengths  of  the  links  6  and  c  now  reduces  the  turning 
crank  c  to  a  swinging  link,  hence  the  name  awinging  slider  crank. 


\ 
Fig.  8. — Swinging  Slider  Crank. 

The  Double  Slider  Crank. — The  double,  like  the  single  slider 
crank,  is  a  four-link  chain,  but  as  the  name  implies,  there  is  now 
a  double  sliding  pair.  Instead  of  three  turning  pairs  and  one 
sliding  pair,  we  have  now  two  of  each  kind — viz.,  two  parallel 
cylinder  pairs  (Cj"),  and  two  pairs  of  prisms,  either  (Pg"'')  or 
(Pj  ^),  according  as  they  are  set  at  right  angles  or  at  some  oblique 
angle  to  one  another.  There  are  thus  two  varieties  of  this 
chain,  (1)  represented  by  the  formula  (C./Tj-*-),  in  which  the 
slides  are  set  at  right  angles  to  one  another,  hence  called  the 
normal  or  double  slider  crank  ;  and  (2)  represented  by  G^'Pj;  in 
which  the  slides  cross  obliquely,  the  sleew  double  slider. 

Figs.  9  to  12  illustrate  the  four  mechanisms  derived  from  the 
normal  arrangement  of  the  chain,  by  placing  it  on  each  of  the  links 
in  turn.  The  same  figures  may  represent  the  skew  an-angement 
if  we  suppose  the  slides  set  at  any  angle  other  than  a  right  angle. 

Of  the   four   mechanisms   shown,  two,  viz.,    those   obtained' 
by  placing  the  chain  on  links  d  and  6,  give  the  same  motion  with 
straight  line  point  paths,  thus   (C/Pj-^)*  =  (Og'Tj-^)',  or  more 
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concisely,  (C/ ?/)<«=*•  The  other  two,  viz.,  (C/P,^)"  and 
(C/P^'^)  give  different  motions  and  point  paths,  of  which  Fig. 
12  illustrates  some  of  those  for  the  former,  and  the  latter  had 
an  illustration  in  Pigs.  7  and  8  (Lect.  I.). 

(C/P/;*  Fig.  9,  is  distinguished  as  the  PurniTig  double  slider 
and  (Oj  P/)',  Fig.  10,  is  the  swinging  cross  block.  They  are 
of  frequent  application  in  machinery  where  a  circular  motion  has 
to  be  transformed  into  a  straight  line  motion,  or  vice  vergd,  and 
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Pig.  9. — Tubbing  Doi  ble  Sl  dbr 
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Fig.  10. — SwHfGiHG  Ceoss 
Block  Meceabish. 


w.Mi4^i«r!: 


Fig.  11. — Swinging  Ceoss  Block 
Double  Slider  Mecha>'ism. 


Fig.  12. — Swinging  Double 
Slides  Mechanism. 


the  space  too  limited  for  the  use  of  a  connecting-rod.    If  a  moves 
uniformly,  c  has  a  simple  harmonic  motion. 

(Cg'Tg-^)",  Fig.  11,  is  the  turning  cross-block  double  slider.  It 
has  two  well-known  applications  in  Oldham's  coupling  for  parallel 
shafts,  and  the  elliptic  chuck  for  turning  ovals.  In  the  former, 
link  a  represents  the  fixed  supports,  6  and  d  the  two  shafts,  and 
c  the  sliding  crosspiece  between  them.  In  the  latter,  link  a 
represents  the  headstock  of  the  lathe,  b  the  mandrel,  c  the  chuck, 
and  d  the  eccentric  ring  behind  it. 


THE   DOtTBLE   SLIDER   CRANK. 


29 


tion  i 


(C/P,^)"  the  swinging  double  slider  has  a  well-known  applica- 
on  in  the  elliptic  trammel  shown  in  the  previous  Lecture. 

ExEKOiSB  v..  Fig.  9. — Link  a  represents  a  crank  turning  about  a  fixed 
centre  at  1,  on  a  frame  d.  It  works  a  block  6  in  a  slide  c,  which  has  itself 
cross  arms  sliding  in  the  frame  d.  Draw  in  dotted  outline  the  range  of 
motion  of  the  cross-piece  c.     Radius  of  crank,  IS  inches.     Scale,  '^. 

ExKROiSB  VI.,  Fig.  10. — Kepeat  the  last  exercise  for  the  pieces  c  and  d, 
when  the  block  6  is  the  fixed  link,  and  the  crank  a  turns  about  centre  2. 

ExBKCisS  VII.,  Fig.  13. — Suppose  a  circular  disc  to  be  attached  to  the 
cross  arms  c,  aud  that  the  link  a  is  extended  to  P.  Through  a  hole  at  P  a 
pencil  or  other  describing  point  is  held  against  the  face  of  the  disc  j  show 
the  curve  which  would  be  traced  on  it.  Distance,  1  to  2  =  4J  inches  =  2  co  P. 
The  diso,  which  is  shown  by  a  lull  line,  =  IS  inches  diameter.     Scale,  i. 


Fig.  13. — Diagram  to  Illustrate  Exercise  VII. 

The  curve  would  be  the  same  whether  we  suppose  a  or  c  to  be  the  fixed 
link,  so  long  as  the  relative  motion  of  these  two  pieces  remains  the  same. 
In  the  case  supposed,  c  is  the  actual  moving  link  and  a  the  fixed  one  ;  but 
for  simplicity  in  drawing  the  curve,  let  a  move  and  c  be  at  rest,  as  in 
Fig.  12.  The  curve  traced  by  P,  will  then  be  seen  at  once  to  be  an  ellipse, 
as  in  Figs.  7  and  8  (Lect.  I.),  to  which  refer  for  the  method  of  draw- 
ing it  in.  If  c  represents  the  lathe  chuck  on  which  any  object  to  be  turned 
is  placed,  and  P  the  turning  tool  held  by  the  tool  rest,  which,  when 
stationary,  may  be  regarded  kinematically  as  part  of  tbe  lathe  bed  repre- 
sented by  the  fixed  link  a ;  then  the  ellipse,  obtained  as  above,  would 
represent  the  shape  to  which  the  body  woidd  be  turned. 
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Lectitee  IL — ^A.M.Inst.C.E.  Exam.  QtrESTioNa 

1.  A  simple  plane  mechanism,  consisting  of  four  links,  is  so  con- 
strnctcd  that  the  relative  motion  of  each  two  consecutive  links,  which  are 
in  contact  with  one  another,  is  either  turning,  swinging,  or  sliding : — 
Point  out  the  geometrical  conditions  which  must  be  satisfied  for  a  turning 
motion  to  be  possible  at  a  joint,  and  enumerate  all  the  possible  associations 
of  the  three  kinds  of  motion,  which  include  one  or  more  turning  motions. 
For  each  of  these  associations  state  the  number  of  different  machine 
movements  obtainable  by  inversion.  {I.C.E.,  Feh.,  1905.) 

2.  What  do  you  understand  by  the  terms  "lower pair"  and  "higher 
pair  "  as  applied  to  the  details  of  mechanisms  ?  Illustrate  your  answer  by 
sketches,  and  give  examples  of  each  kind  of  pairing.  Give  also  an 
example  of  the  use  of  lower  pairs,  and  a.  second  example  of  the  use 
of  lower  pairs  in  combination  with  higher  pairs,  for  the  formation  of 
a  kinematic  chain  of  elements,  which  can  in  each  case  be  used  as  a 
machine.  (I.C.E.,  .Pe5.,  1907.) 

3.  Define  the  expressions  "kinematic  chain"  and  "closed  kinematic 
chain,"  and  state  under  what  conditions  the  latter  becomes  a ' '  mechanism." 
What  is  meant  by  the  term  "inversion  of  a  kinematic  chain " ?  Kxemplify 
your  remarks  by  means  of  the  ordinary  crank  and  connecting-rod  mechan- 
ism of  a  steam  engine,  giving  sketches.  (LC.E.,  Oct.,  1907.) 
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Contents. — The  Quadrio  Crank— The  Lever  Crank,  Double  Lever,  and 
Double  Crank — Exetcises  L  to  VII. — Slider  Crank  Parallel  Motions — 
Elliptic  Parallel  Motions  —  Exercises  VIII.  to  XII. — Conchoidal 
Parallel  Motions — Exercise  XIII. — Quadrio  Crank  Parallel  Motions 
— Exercises  XIV.  and  XV. — Questions, 


The  Quadric  Crank. — Another  very  important  chain  among 
mechanisms  is  the  one  which  consists  of  four  links  connected 
by  four  parallel  cylindric  pairs,  called  the  Quadric  Cylindric 
Crank  Cham  (0^').  There  are  many  varieties  of  it,  depending 
upon  the  relative  lengths  of  the  links.  To  enable  the  student 
to  trace  the  connection 
in  the  exercises  which 
follow,  let  us  first  note, 
as  the  representative 
form  of  the  chain,  the 
arrangement  in  which 
all  four  links  are  of  dif- 
ferent lengths.  After- 
wards, we  shall  consider 
some  modifications  of 
this  chain.  In  the  gen- 
eral form,  represented  by 
Fig.  1,  a  is  the  shortest 
link,  c  the  next,  and  b 
is  >  d.  The  four  mechan- 
isms obtained  by  placing 
the  chain  on  each  link  in 
turn  are : — 

(a  and  b)    The   Lever 
Crank  (Figs.  1  and  2), 


2'^T' 


Fig.  1.— Liver  Crank  Quadric  Chain. 


Fig.  2. — Lbvir  Cr^nk  Quadric  Chain. 


By  fixing  link  h  or  link  d,  represented  by  (0^")»='*.  These  two 
mechanisms  give  the  same  kind  of  motion.  In  each  a  is  a 
turning  link  and  a  crank,  c  a  swinging  link  and  a  lever.  In 
the  one  h  is  the  coupler  and  d  the  frame,  and  in  the  other  the 
relation  is  reversed. 
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(c)  The  Dovble  Lever  (Fig.  3). — ^By  fi-ying  link  c,  represented 
by  (C^*)"-  links  6  and  d  are  now  both  levers  ■with  a  limited 
range  of  movement,  and  a  is  the  coupler. 


—-ia,2 


'■:L 


Ps" 


Fig.  3. — Vovblk  Letzb  Quadsic  Chaut. 

(d)  The  Double  Crank  (Fig.  4). — By  fi-ging  Unk  a,  represented 
by  (C/')°.  linkB  6  and  d  are  now  both  cranks,  and  e  is  the 
coupler. 


Fig.  4. — Double  Cbask  Quadbic  Coats. 

There  are  a  great  number  of  modifications  of  the  general  form, 
a  few  of  which  are  illustrated  in  Figs.  5  to  8.  When,  for 
example,  opposite  pairs  of  links  are  equal,  the  mechanism  is 
a  double  crank,  and  if  the  cranks  are  set  as  a  and  c  in  Fig.  5, 
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we   have  parallel  cranks;    as   in   Pig.    6,   reverse   anti-parallel 

cranks  ;   and,  as  in  Fig.  ,, .,        ^ 

7,    converse    anti-parallel     "'^ 

cranks  in  allusion  to  the 

characteristic  motion.  In 

Fig.    6   the    cranks    are 

always  moving  in  oppo-    \ 

site  directions,    and    in        '-.,_         ,-■''  '^^^_      _.^'' 

Fig   7,  though  not  paral-  ^^^  5';:;pI^ai,lel  Crank  Quadkic  Chain. 
lei,  they  always  move  in 

the  same  direction.    Fig.  ,--- -•-,  ,'-' ~.^ 

8  represents  those  cases 
in  which  adjacent  pairs 
of  links  are  equal,  and 
in  the  exercises  there 
are '  several  examples 
■with   one    opposite   pair 

equal — e.g.,  Fig.  9.  -^^^^  6.— Reverse  Anti-Parallel  Qitadrio 

Chain  Mechanism. 


/'     c/ 


/    , 

//  \ 

/      */ 

\A& 

v^ 

s\ 

\^ 

FiQ.  7. Converse  Anti-Parallel  Quadsic  Chain. 

NoTB  —Teachers  mayjind  it  convenient  to  set  Exercises  I.  to  XV.  to  their 
students  as  class  questions.  Private  students  should  work  ovi  these  questions 
carefully  at  home.  Students  should  be  encouraged  to  make  scale-working 
modds  of  these  problems  of  cardboard  or  wood-shp  with  strong  pins  or  steel 
needles  for  the  joint  centres,  and  to  test  by  experiment  the  accuracy  of  their 
drawings  and  calculations. 

5  ^ 
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Exercise  I.,   Fig.   1.  —  In    a    certain   beam -engine  the  radii  of  the 
beam  and  the  crank  are  12  feet  3  inches  and  5  feet  respectively.     The 


jy/ --' 

Fio.  8. — QuASBic  Ceank  Mbchauism,  with  Adjacent  Lines  Equal. 


Fig.  9. — Watt's  Pakallel  Motion.* 

•For  description  of  Watt's  Parallel  Motions,  see  Professor  Jamieson's 
Manual  of  Applied  Mechanics,  9th  edition,  Lecture  XXIV.  Also  see  his 
Text-Book  on  ateam  and  Steam  iingines.  Lecture  UL 
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length  of  the  connecting-rod  is  23  feet  6  inches,  and  the  distance  between 
the  turning  centres  of  the  beam  and  the  crank  is  26  feet  9  inches.  Show 
the  paths  of  three  points  on  the  connecting-rod,  situated  at  J,  J,  and  J 
of  its  length  from  either  end  of  it.     Scale,  iV  (i  inch  to  1  foot). 

Exercise  II.,  Fig.  9. — The  figure  represents  Watt's  parallel  motion. 
Links  a  and  c  are  each  3|  inches  long,  6  =  2  inches,  and  d  =  S'i  inches. 
Trace  the  paths  (1)  of  a  point  P  in  the  middle  of  the  coupling  link  6, 
and  (2)  of  any  other  point  situated  between  2  and  3. 


Fig.  10.— Watt's  Parallel  Motion. 

An  example  of  that  particular  case  of  the  double  lever,  where  a  =  c 
and  >  6  To  determine  the  range  of  the  movements  of  a  and  c,  it  can 
easily  be  seen  by  inspection  that  in  two  positions,  a  and  6  come  into 
one  straight  line,  is  at  1,  2',  3',  and  1,  2„  3,.  In  these  oases  c  must  then 
occupy  its  extreme  positions  ;  and  vice  versa  by  the  S.ymmetry  of  the 
arrangement,  when  b  and  c  are  in  line,  as  at  4,  3  ,  2  ,  and  4,  6„,  l,,, 
a  is  in  its  extreme  positions.  .  t      i  i.i,        t        -f 

Having  drawn  the  circular  arcs,  which  are  the  paths  of  the  extremities 
2  and  3,  of  the  link  6,  then,  with  centres  1  and  4,  radius  o  H-  6  or  c  +  6, 
describe  arcs  intersecting  the  paths  of  2  and  3,  at  2' 2„,  and  3  3  respec- 
tively ;  1,  2"  and  1,  2,,  show  the  range  of  movement  of  a,  and  4,  A  ;  4,  6„ 
that  of  c.  Next  assume  a  number  of  positions  of  joint  2  in  the  arc  J?  2,„ 
and  find  the  corresponding  positions  of  3  in  the  arc  3  3„  through  which  to 
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draw  as  many  positions  of  the  link  6.  On  these  mark  off  the  series 
of  positions  occupied  by  the  points  P  and  Q,  and  through  them  draw  the 
required  curves. 

Exercise  III.,  Fig.  10. — The  figure  shows  a  slightly  different  form  of 
Watt's  parallel  motion  from  the  last.  Link  a  represents  the  beam,  c  the 
radius  bar,  and  b  the  fore  link  or  coupler.  The  lengths  are  a  =  4J  inches, 
6  =  3  inches,  and  c  =  2fJ  inches.  Show  the  path  of  (1)  P,  the  middle 
point  of  the  link  6,  and  (2)  Q,  a  point  which  divides  6  into  two  parts  x  and 
y,  such  that  x  :  y  :  :  a:c. 

An  example  of  the  double  lever,  in  which,  as  drawn  in  the  figure, 
the  adjacent  links  6  and  c  are  very  nearly  equal. 


Fig.  11. — Watt's  Parallel  Motion. 


For  the  range  of  movement  of  the  levers  a  and  c  proceed  as  in  Fig.  9, 
Exercise  II.  With  centre  a  radius  a+b,  cut  the  circular  path  of  y  at  y° 
and  7„,  and  with  centre  S,  radius  c  +  6,  cut  the  path  of  p  and  /S*  and  /3,. 
Then  a  p',  a  j3,  show  the  extreme  positions  of  link  o,  and  Sy",  Sy„  those  of 
link  c.  Assume  a  number  of  intermediate  positions  of  b,  and  mark  off  P 
and  Q,  as  in  the  last  problem.  The  path  of  Q  will  be  found  to  be  approxi- 
mately a  straight  line  through  a  considerable  range.  To  find  distance  of 
Q  from  /3  or  y,  divide  the  length  of  the  link  6  into  two  parts  in  the  propor- 
tion of  a  to  c  ;  or  Q  may  be  taken  at  the  intersection  of  bars  b  and  d  in 
the  figure. 

Exercise  IV.,  Fig.  11. — The  figure  represents  the  modification  of  Watt's 
parallel  motion  used  when  the  radius  bar  is  placed  above  the  beam.  Liuk 
6  is  prolonged  beyond  joint  2  to  a  point  P,  such  that  3,P  :  2,P  :  :  o :  c 
Draw  the  path  of  P. 
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Another  example  of  the  double  lever.  The  lengths  are  a  =  3  inches,  6= 
If  inch,  c  =  1|  inch,  and  d  =  2  inches.  Produce  3-2  and  cut  off  2  -  P 
in  the  given  proportion,  as  shown  in  figure.  The  ranges  of  move- 
ments of  links  a  and  c  are  found  in  the  same  way  as  in  Exercise  I. 
With  centre  1,  radius  a-b,  cut  the  path  of  3  at  3'  and  3,  and  with  centre 
4,  radius  c  +  b,  cut  the  path  of  2  at  2"  and  2„.  Then  4,3'  and  4,3,  are 
the  extreme  positions  of  link  c,  1,2"  and  1,  2„  those  of  link  a. 

Exercise  v. — Fig.  12  represents  the  ifo6c»-«3  parallel  motion.  Links  a 
and  c,  which  are  equal  in  length,  swing  about  centres  1  and  4.  Find  the  path 
of  a  point  P,  which  is  rigidly  attached,  at  distance  a  =  c  from  centres 
2  and  3,  to  the  coupler  6.  The  lengths  are,  d  =  4"4  inches  ;  a  =  c  =  2'9 
inches  ;  6  =  Jd  =  2'2  inches. 


Pio.  12.— Roberts  Parallel  Motion, 


A  double  lever  with  one  opposite  pair  of  links  equal,  the  triangle  2P3 
being  simply  an  extension  of  the  link  6.  For  the  construction,  find  a 
number  of  positions  of  the  link  b,  with  its  centres  on  the  circular  arcs 
through  2  and  3,  described  from  centres  1  and  4  respectively.  The 
extreme  positions  can  be  found  at  once,  as  in  previous  examples,  by 
drawing  arcs  from  centres  1  and  4,  with  radius  a  +  b  =  c  +  b,  cutting 
the  paths  of  joints  2  and  3  at  3'  and  3,  and  at  2'  and  2,  respectively.  These 
positions  are  shown  in  the  figure.  The  geometrical  basis  of  the  arrange- 
ment and  proportion  of  the  links  is  shown  in  connection  with  a  later 
example. 

Exercise  VI.,  Fig.  13. — The  TchebichefTpaiaXlel  motion.  Links  a  and  c 
are  swinging  levers,  and  6  their  coupler.  Let  a  =  c  =  5  inches  ;  d  =  26  = 
4  inches.     Show  the  path  of  the  middle  pofcit  of  b. 

The  construction  is  similar  to  that  in  the  last  problem. 
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Exercise  VII.,  Fig.  14.— The  mechanism  (double  crank)  now  used  for 
feathering  float  paddle  wheels.*  Draw  (1)  as  in  the  last  example,  the  paths 
of  the  extremities  of  the  float,  or  (2)  make  a  skeleton  diagram  showing 
a  ten  float,  20  feet  paddle-wheel  of  the  following  dimensions :  Link  d  = 
1  foot  0  inches ;  a  =  c  =  8  feet  8  inches ;  6  =  1  foot  6  inches  (between 
centres) ;  distance,  2  -  5  =  5J  inches  ;  5  -  6  =  1  foot  4  inches,  and  5  -  7  = 
1  foot  0  inches.     Scale,  it  (i  ^^°^  V^^  foot). 


•-<.---        ipafj^^"'  j 


Fig.  13. — The  TcHEBicHEyr  Parali-el  Motion. 


Fig.  14. — Double  Crank  Mechanism  for  Feathering  Float 
Paddle  Wheels. 

Slider  Crank  Parallel  Motions. — Both  the  slider  crank  and  the 
quadric  crank  chain  may  be  illustrated  by  exercises  on  the  class 

*  See  Lecture  XXI.  in  the  16th  edition  of  Professor  Jamieson's  Text-Book 
on  Steam  and  Steam  Engines,  including  Turbines  and  BoUers,  for  a  descrip- 
tion and  illustration  of  a  Paddle  Wheel  with  Feathering  Floats. 
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of  mechanisms  called  Parallel  Motions.  In  these,  it  may  be 
explained,  the  object  is  to  get  one  or  more  points  to  move 
accurately,  or  at  least  very  approximately  in  a  straight  line 
through  a  considerable  range  of  motion,  without  the  direct  use 
of  sliding  pairs.  This  has  already  been  illustrated  to  some 
extent  for  the  quadric  crank  chain.  In  the  present  Lecture, 
let  us  take  a  look  at  some  of  the  applications  of  the  slider 
crank,  and  in  the  first  place  at  the  geometrical  principle  upon 
which  these  arrangements  are  based. 


Fig.  15. — Slider  Crank  Parallel  Motions. 

If  a  circle  rolls  within  a  fixed  circle  of  exactly  twice  its 
diameter,  the  path  of  a  point  on  its  circumference  (the  hypo- 
cycloid)  is  a  perfectly  straight  line.  The  path  of  any  other 
point  not  on  the  circumference  (curtate  or  prolate  hypotrochoid) 
is  an  ellipse. 

Also,  if  the  extremities  of  a  straight  line  are  constrained  to 
move  in  two  straight  lines  at  right  angles  to  each  other,  then 
the  path  of  any  point  on  the  line  produced  is  an  ellipse,  and 
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the  path  of  the  middle  point  of  the  line  a  circle.     But,  the  path 
of  any  point  between  the  extremities  is  an  ellipse. 

In  Fig.  15  these  properties  are  shown  in  their  connection 
with  one  another.  ABC  is  a  rolling  circle,  AB  a  diameter 
of  it.  PEG  is  its  guiding  circle,  of  radius  equal  to  AB. 
As  ABC  rolls  on  FEG,  the  points  A  and  B  (the  extremi 
ties  of  the  diameter  AB)  trace  out  FG  and  DE  respectively, 
two  diameters  of  the  guiding  circle,  which  intersect  at 
right  angles  at  C.  R,  the  centre  of  the  rolling  circle,  traces 
out  the  circle  KRH  of  diameter,  equal  to  AB.  Any  other 
point  between  A  and  B,  such  as  R^  and  Rj,  or  beyond  A  and  B, 
such  as  R2  and  Rj,  traces  out  an  ellipse. 

It  will  now  be  evident  to  the  student,  that  if  we  guide  two 
points  of  the  line  AB  in  their  proper  paths,  a  third  point  may  be 
found  which  will  move  in  a  straight  line,  circle,  or  ellipse  as  may 
be  required.  For  a  parallel  motion,  the  third  point  is  required 
to  move  in  a  straight  line  ;  therefore  it  must  be  either  A  or  B  ; 
and  for  a  slider  crank  parallel  motion  one  of  the  guided  points 
must  be  either  B  or  A.  The  other  guided  point  is  made  to  move 
in  an  arc  of  a  circle,  which  is  as  close  an  approximation  as 
possible  to  the  actual  elliptic  path  of  the  point,  as  shown  in 
the  diagram.  For  a  range  of  angular  deviation  of  AB  to 
either  side  of  its  central  position,  not  exceeding  25  degrees,  this 
approximation  can  be  got  by  finding  the  centre  of  a  circle,  which 
will  pass  through  the  middle  position  and  the  two  extreme 
positions  of  the  point.  Thus,  for  example,  when  B  is  the 
one  guided  point,  and  Bj  is  the  other,  a  point  Cj  is  found,  which 
is  the  centre  of  a  circle  passing  through  Rj  Oj  6j.  We  have  thus, 
in  Fig.  15,  in  diagrammatic  form  the  lengths  for  a  mechanical 
arrangement,  in  which  a  swinging  link  AB,  guided  by  a  sliding 
pair  at  B  along  the  line  CE,  is  so  controlled  by  a  link  CjR^ 
turning  round  a  fixed  centre  Cj,  that  its  other  extremity  A  moves 
very  approximately  in  the  straight  line  FG.  In  the  following 
diagrams  the  same  letters  denote  the  same  relative  positions  of 
the  points. 

(1)   Elliptic  Parallel  Motions. 
(A)  NoBUAi.  Akbangements. 

Exercise  Vm.,  Fig.  15. — Draw  the  diagram  representing  the  figure 
which  has  just  been  described,  supposing  the  rolling  circle  to  be  3  inches 
diameter,  and  .^.  ABC  ^|>  25  degrees.  Find  the  paths  of  the  points  R^, 
A,  R',  R,  Ri,  B,  and  Rj,  assuming  them  to  be  at,  say,  J  AB  apart. 

ExEKCiSE  IX.,  Fig.  16. — From  the  diagram  in  the  last  exercise  take  the 
proportions  for  a  swinging  slider  parallel  motion,  in  which  B  is  the  one 
guided  point,  R  the  middle  point  of  AB  is  the  other,  and  A  is  the  point 
whose  ppth  is  required. 
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These  proportions  (CR  =  AR  =  BR)  give  the  grasshopper  parallel 
motion  of  Scott  Russell.  Since  R  moves  in  a  circle,  no  approximate  arc  is 
required,  and  the  path  of  A  is  a  perfectly  straight  line,  which  is  of  range 
equal  to  the  diameter  of  the  guiding  circle  in  Pig.  15,  or  =2(CR  +  RA). 
This  case,  therefore,  differs  from  the  others  in  the  present  lesson  in  being 
not  an  approximate  but  an  exact  parallel  motion. 

Exercise  X.,  Fig.  17.— Take  next  the  point  RjOf  Yig.  15  at  J  AB  from 
end  B  as  the  second  guided  point,  and  find  the  path  of  A. 


Tigs.  16  and  17.— Slider  Crank  Parallel  Motions. 


To  get  a  good  approximation  to  a  straight  line  path,  it  will  be  found 
necessary  to  limit  the  total  range  to  25  degrees  in  this  case,  ihe  reason  is 
that  the  actual  path  of  Rj  here  occurs  at  that  part  of  the  ellipse  where  the 
rate  of  change  of  curvature  is  greatest,  and  consequently  the  approxima- 
tion of  the  circular  arc  to  the  elliptical  arc  least  acceptable.  j       j 

Exercise  XI.,  Eia.  18.— Let  the  second  guided  point  lie  on  AB,  produoea 
as  at  Rj,  beyond  B  in  Fig.  15.  Find  the  path  of  A  for  a  total  angular 
deviation  of  25  degrees. 


Pig.  18.— Normal  Abrakgembnt  or  Elliptic  Parallel  Motion. 


This  case  is  like  the  last  in  respect  that  the  actual  path  of  Rj,  like  that 
of  Rx,  occurs  at  a  similar  part  of  the  ellipse,  viz.,  towards  the  extremity  of 

the  major  axis.  _  ,      ,  .  -,   ^       •  ^      i_  j: 

Now,  take  the  case  of  Fig.  19.  Let  B  be  the  one  guided  pomt  as  before. 
But,  let  the  other  point  R'  be  glaced  nearer  to  A.  Find,  first,  the  radius 
of  a  circular  arc  which  closely  approximates  to  the  elliptic  path  R  a  6  in 
this  Fig.  19.     Then  find  the  path  of  A. 
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(B)  Skew  Arrakoements. 

In  the  foregoing  examples  the  points  A  and  B  are  taken  at  the  extremities 
of  a  diameter,  so  as  to  move  at  right  angles  to  each  other.  This  is  the 
more  common  arrangement,  but  A  and  B  may  be  any  points  on  the  circle 
ABC.  For  example,  suppose  B  to  occupy  the  position  B',  its  path  is  then 
B^C,  and  the  guide  for  its  motion  must  lie  along  that  line.  But  it  is 
evident  that  this  iias  no  effect  on  the  line  of  direction  of  A's  motion. 


Fig.  19. — ^Noemal  Abkangement  or  Elliptic  Paballel  Motioh. 


Fig.  20. — Skew  Aerangembnt  of  Elliptic  Parallel  Motion. 

Exercise  XII. — From  Fig.  15  take  the  proportions  for  a  slider-crank 
arrangement  ACRB^  and  show  the  path  of  A,  as  in  Fig.  20. 


(2)  CoNCHOiDAL  Parallel  Motions. 

Referring  to  Lecture  I.,  it  was  there  shown  (Fig.  15)  how  to  draw 
the  curve  known  as  the  conchoid  of  Nicomedes.  In  the  same  way 
conchoidal  curves,  traced  by  various  pointy  on  the  line  PQ,  may  be  drawn. 
The  more  general  form  of  the  problem  may  thus  be  stated.  Given  a  fixed 
point  B  (Fig.  21),  and  a  straight  line  RS  in  the  plane  of  the  paper.    One 
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point  A  on  a  line  PQ  is  constrained  to  move  along  RS.  Find  the  path  of 
a,  second  point — e.g.,  R^ — on  the  line  PQ,  if  the  latter  always  passes 
through  B.     Several  such  paths  are  shown  in  Fig.  21. 

This  condition  evidently  oifers  itself  readily  for 'application  as  a  means 
of  obtaining  a  parallel  motion.  For  if  the  point  R^,  say,  be  guided 
in  its  oonchoidal  path,  then  the  point  A  will  move  in  a  straight  line.  And, 
as  in  the  case  of  the  ellipse,  for  a  limited  range  of  motion,  a  circular 
arc  may  be  found,  which  approximates  sufficiently  to  the  oonchoidal  arc  to 
make  the  motion  of  A  practically  rectilinear.  Thus,  in  Fig.  21,  the  four 
points  B.%  Ri,  R],  and  Rj,  on  the  line  PQ  trace  out  the  curves  shown, 
while  the  line  PQ  turns  about  B,  and  the  point  A  is  guided  directly  in  the 
straight  line  RS.     Conversely,  if  we  guide  any  of  those  four  points  in  their 


Fig  21.— Conchoidal  Paeallel  Motions. 


respective  curves,  R''R^;  K'R',  &o.,  then  A  moves  without  direct  guiding 
in  the  straight  line  RS.  For  the  limited  range  of  angular  deviation  shown 
(25  degrees  from  the  central  position  on  each  side),  a  circular  arc  can  be 
drawn  which  closely  approximates  to  the  conchoidal  arc.  Thus  O^  is  the 
centre  of  a  circle  which  passes  through  the  three  points  R^,  P,  R^.  This 
circle  coincides  so  very  nearly  with  the  conchoid  tlirough  R^R^  that 
the  path  of  A  in  Fig.  24  is  practically  a  straight  line  within  the  range 

BXEKOISE  XIII.,  Fig.  21.— Draw  a  diagram  from  which  to  obtain  the 
proportionate  lengths  for  the  four  conchoidal  parallel  motions  illustrated 
by  Fig.  7  (Lect.  II.),  and  Figs.  22,  23,  and  24  (Leot.  III.). 
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Fie.  23.— CoNOHOiDAi  Parallel  Motion. 


^•'' 


Fig  24.— Conchoid al  Pakallel  Motion. 
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Quadric  Crank  Parallel  Motions. — Referring  to  Fig.  15,  we 
have  seen  that  for  a  slider  crank  elliptic  parallel  motion  one 
point  on  the  line  A  B  is  guided  in  an  approximate  elliptic 
arc,  while  one  extremity,  such  as  B,  is  guided  in  a  straight  line 
by  a  sliding  pair.  If  we  could  replace  this  sliding  pair  by 
a  swinging  link  of  infinite  length,  B  would  move  as  before, 
and  the  resultant  motion  of  A  would  remain  the  same,  but 
the  mechanism  would  now  be  a  quadric  instead  of  a  slider 
crank. 


\  ----., .?A, 

Pig.  25.— Qctadeic  Crank  Parallel  Motion. 


For  the  very  limited  range  of  movement,  however,  at  B, 
the  end  of  a  comparatively  short  link  moves  in  a  near  enough 
approximation  to  the  straight  line.  Thus,  in  Fig.  25,  the 
extremity  B  of  the  comparatively  short  swinging  link  OB, 
which  has  been  substituted  for  a  sliding  pair,  moves  so 
very  approximately  in  a  straight  line  from  B  to  B",  and 
back  again,  that  A  moves  from  A  to  E  in  about  as  good  an 
approximation  to  the  straight  line  as  before  (compare  with 
Fig.  19). 
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In  this  way  we  may  substitute  a  quadric  crank  for  each  of 
the  slider  crank  arrangements  shown  in  Figs.  16  to  19.  For 
by  finding  the  centre  of  a  circular  arc,  which  shall  closely 
approximate  to  the  very  limited  range  of  straight  line  motion  of 
the  point  B  in  each  of  these  cases,  we  obtain  the  length  of 
the  third  link,  which  may  take  the  place  of  the  sliding  pair. 
The  only  difference  in  the  motion  of  A  is  that  it  is  now  the 
result  of  two  approximations  instead  of  one. 

But  a  like  result  may  be  brought  about  by  assuming  for  the 
second-guided  point,  some  point  on  AB,  other  than  the  point 
B  in  Fig.  15.  Thus,  for  example,  consider  Fig.  16  in  connec- 
tion with  Fig.  15.  The  sliding  pair  at  B,  Fig.  16,  may  be 
replaced  by  a  swinging  link,  such  as  OjRj,  C^R^,  C^R'^,  or  C^R''', 
as  obtained  from  Fig.  15.  The  same  remark  applies  to  the 
other  figures,  17  to  19.  The  foregoing  also  applies  to  the  case  of 
the  skew  slider,  in  which,  as  has  been  before  shown,  the  point  B 
is  replaced  by  some  other  point — e.g.,  W-  in  Fig.  15 — on  the 
rolling  circle  ACB,  not  diametrically  opposite  to  A.  An  example 
of  this  is  given  in  the  following  exercises,  as  also  one  on  the 
double  skew  slider. 


Exercise  XIV.,  Fig.  25. — To  draw  a  normal  quadric  crank  parallel 
motion  for  a  given  range  of  motion  m. 

Construction. — Draw  a  line  A  B  =  m  in  length  (say  2  feet  3  inches,  scale 
y's).  On  AB  describe  a  circle.  With  A  as  centre,  radius  Jm  (1  foot 
l|  inches),  cut  the  circle  at  point  0.  Through  C  A  and  0  B  draw  straight 
lines,  and  make  C  E  =  C  A.  Divide  the  line  A  B  into  three  equal  parts, 
and  assume  any  point  R  in  the  middle  division.  Find  the  elliptic  path  of 
R,  while  A  B  moves  from  the  position  A  B  to  position  C  B".  R  will  then 
be  at  R".  Join  BR"  and  bisect  it  by  a  line  which  intersects  BC  produced 
at  C.  Then  C  is  the  one  fixed  centre,  and  C  R  is  one  of  the  two  swinging 
links  required.  For  the  other  link,  bisect  B  B"  and  intersect  the  bisection 
line  by  a  line  through  C'E  at  O.  Then  0  may  be  the  other  fixed  centre  and 
O  B  the  other  swinging  link,  and  the  whole  figure  0  B  R  C  will  represent  a 
quadric  crank,  of  which  the  produced  extremity  A  of  the  coupler  B  R  will 
move  from  A  to  E  in  a  very  good  approximation  to  a  straight  line  of 
length  m. 

The  meaning  of  the  construction  will  be  obvious  to  the  student  who  has 
intelligently  followed  the  foregoing  remarks.  For,  if  with  C  as  centre  and 
radius  A  B  a  circle  be  drawn  touching  and  enclosing  the  circle  A  B  C,  it 
will  then  be  seen  that  the  points  A  and  B,  as  extremities  of  a  diameter  of 
a  circle  ABC,  which  rolls  upon  a  circle  H B"K  of  radius  equal  to  A B,  will 
describe  hypocycloids,  which  are  straight  lines  (HKand  B"C')  at  right 
angles  to  each  other.  Also  that  B,  as  a  point  within  the  rolling  circle 
ABC,  or  considered  as  an  intermediate  point  on  the  line  AB,  whose 
extremities  move  in  straight  lines  at  right  angles  to  each  other,  de- 
scribe an  elliptic  path  (the  particular  case  of  the  hypotrochoid,  when 
the  diameter  of  the  rolling  circle  is  equal  to  the  radius  of  the  guiding 
circle. 
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ExBRCiSE  XV. ,  Fig.  26.  -  To  draw  a  quadrio  crank  parallel  motion  of 
the  Roberts  type  of  range  m. 

Draw  a  line  R  S  =  m  {say  2  feet  6  inches,  to  scale  yV.  and  let  A  B  =  3 
feet  9  inches),  and  produce  it  both  ways.  Bisect  it  at  D  and  draw 
D  C  J-  R  S.  Assume  a  point  C  on  C  D  as  describing  point,  and  at  C  set  off 
C  A',  CB',  each  at  30°  with  C  D  and  intersecting  RS,  produced  at  A  and 
B  respectively.  Or,  assume  A  and  B  on  the  line  through  R  S,  making 
D  A  =  DB,  and  on  it  erect  an  equilateral  triangle,  of  which  the  vertex  C 


Fio.  26. — Roberts  Type  op  Quadeic  Obank  Parallel  Motion. 


will  be  the  describing  point.  Through  C  draw  X  Y  ||  R  S,  and  on  it  out  off 
Cx,Gy  =  i^m.  With  x  as  centre,  radius  C  A  or  0 B,  out  C  A  produced  at 
A'  and  C  B  at  B„  and  with  y  as  centre,  same  radius,  out  C  A  at  A,  and 
CB  at  B'.  Join  A'B,  and  A^B',  and  on  these  lines  cut  off  A'R'  and 
A,  R,  each  equal  to  A  R.  Then  find  C,  the  centre  of  a  circle  to  pass  through 
R',  R  and  R,.  The  point  C  will  be  the  one  fixed  centre,  and  C  R  the  one 
swinging  link.  0,,  the  other  fixed  centre,  and  0,  S,  the  second  swinging 
link,  lie  symmetrically  on  the  other  side  of  D  C. 
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The  construction  will  be  easily  understood  from  previous  explanations. 
Draw  a  circle  through  the  points  A,  B,  C,  and  with  C  as  centre,  radius 
equal  to  the  diameter  of  the  circle  ABC,  draw  the  outside  circle  X Z  Y. 
Then  C,  as  a  point  on  the  circumference  of  the  circle  ABC,  describes 
a  straight  line,  while  the  latter  rolls  on  X  Z  Y.  R  and  S,  as  points  within 
the  rolling  circle  ABC,  describe  the  elliptic  paths  shown  in  the  figure. 
Therefore,  if  R  and  S  be  rigidly  connected  to  C,  and  if  they  are  guided  in 
circular  arcs,  which  closelyapproximate  to  the  ellipticarcsforthe  givenrange 
of  motion,  C  will  move  from  a;  to  y  in  a  line  which  approximates  to  the 
straight  line  hypocycloid  to  a  corresponding  degree.  By  a  comparison  with 
the  double  slider  of  Reuleaux,  it  will  be  seen  that  the  Roberts  motion  only 
differs  from  that  in  the  substitution  of  the  points  R  and  S  for  the  points  A 
and  B — i.  e. ,  that  the  Roberts  motion  is  an  equivalent  quadric  crank  to  the 
Reuleaux  double  skew  slider  crank. 
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Lkotdre  III.— B.Sc.  Questions. 

1.  Describe  and  prove  the  exactness  of  any  parallel  motion  which  has 
only  turning  pairs.  Show,  by  sketches,  how  the  Watt  parallel  motion 
is  applied  to  (a)  a  compound  beam-engine,  (b)  a  Bichard's  indicator. 

(B.So.,  London,  1904.) 

2.  In  a  simple  Watt  parallel  motion  the  lengths  of  the  levers  are  6  inches 
and  9  inches  respeotively,  and  the  length  of  the  link  connecting  the  levers 
is  4J  inches.  Find  the  position  of  the  point  on  the  connecting  link,  which 
gives  the  best  straight  line  motion,  and  draw  the  complete  path  traced  out 
by  this  point  when  the  levers  move  through  the  whole  range  of  their 
motion.    When  the  lovers  are  horizontal,  the  connecting  link  is  vertical. 

(B.Sc,  London,  1905.) 
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Contents. — Simple  Chains  of  More  than  Four  Links:  the  Peauoellier 
Mechanism — Graphic  Method  of  Setting  the  Peauoellier  Compass — 
Exercises  I.  and  II. — Chains  of  More  than  Four  Links — Modifications 
of  the  Peauoellier  Cell— Exercises  III.  to  VIII.— Compound  Chains 
— Exercises  IX.  to  XIV. — Questions. 

Simple  Chains  of  More  than  Four  Links :  the  Peaucellier 
Mechanism. — "We  shall  now  take  up  a  few  examples  of  point 
paths  in  simple  chains  of  more  than  four  links.  One  very 
interesting  case  is  that  of  the  Peaucellier  compass  and  straight 
line  motion.  Before  describing  the  mechanism,  let  us  look  at 
the  underlying  geometrical  principle.  The  general  form  of  the 
problem  is  that  in  which  the  pole  may  be  any  point  either  within 
or  without  the  circle.  On  drawing  a  few  examples  with  the 
pole  in  different  positions,  we  find  that  the  results  all  agree  in 
one  respect — viz.,  that  the  inverse  curve  is  always  a  circle. 
Referring  to  Fig.  1,  we  find,  that  when  the  pole  P  is  taken 
within  the  circle,  the  inverse  circle  is  concave  towards  the  first 
circle ;  but  if  taken  without  the  circle,  it  is  convex  to  it. 
These  results  lead  us  to  infer  the  existence  of  an  inter- 
mediate case,  for  we  notice,  that  the  curvature  grows  less  and 
less  the  nearer  the  pole  is  taken  to  the  circumference,  either 
within  or  without  the  circle.  We  find,  in  fact,  that  when  the 
pole  is  taken  neither  within  nor  without,  but  on  the  circumfer- 
ence itself,  that  the  curvature  vanishes  and  the  inverse  locus 
becomes  a  straight  line.  These  three  typical  cases  are  shown 
together  in  the  one  diagram.  Fig.  1.  F  is  the  pole,  F  Q  any  line 
in  all  positions  passing  through  F,  P  a  point  on  the  line  F  Q 
moving  in  a  circle,  Q  a  second  point  on  the  line  FQ  moving 
in  such  a  way  with  reference  to  the  motion  of  P  that  the 
product  F  P  X  P  Q  is  always  the  same. 

Pj  and  Qj  represent  the  first  case,  when  F  is  within  the  circle 
described  by  Pj  ;  P^  and  Qj  the  second  case,  when  P  is  outside 
the  circle  described  by  Pg  ;  Pg  and  %  the  third  case,  F  being  a 
point  on  the  circumference  of  the  circle  through  Pg. 

Now,  if  we  were  to  seek  for  a  method  of  describing  such 
a  eurve  by  a  mechanical  arrangement,  four  conditions  would 
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have  to  be  taken  into  account : — (1)  That  F  and  C  are  fixed 
points;  (2)  that  P  moves  in  a  circle  about  C ;  (3)  that  the 
describing  point  Q  must  in  all  positions  be  in  one  straight 
line  with  P  and  ¥ ;  (4)  that  Q  keeps  at  such  distances  from 
P,  that  the  product  F  P  x  F  Q  is  constant. 


Fig.  1. — Geometrical  Principle  of  the  Peaitoellier  Compass. 

Condition  (1)  is  complied  with  by  making  F  C  the  fixed  link 
of  the  mechanism,  (2)  by  making  CP  a  radial  link,  (3)  and  (4) 
by  attaching  a  jointed  rhombus  to  P  and  connecting  the  two 
wing  joints  of  it  to  F,  by  swinging  links  of  equal  length. 

We  thus  arrive  at  the  universal  or  compound  compass  invented 
in  1864  by  M.  Peaucellier,  captain  of  engineers  in  the  French 
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Army.       It  has   had   two   applications — (a)   that    of   drawing 
very  flat  circular  arcs,  but  more  important  (6)  it  was  the  first 


Fig.  2.— Fikst  Setting  of  the  Pbaucellieb,  Compass. 


Fig.  3.— Second  Setting  oj?  the  Peaucellieu  Compass. 
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linkage  which  solved  the  problem  of  converting  circular  motion 
into  absolutely  perfect  straight  line  motion  without  the  use 
of  guides  (sliding  pairs).  Four  settings  of  it  are  shown  in 
Figs.  2,  3,  5  and  6.  F  lies  without  the  circle  described  by  P  in 
Fig.  2,  within  it  in  Fig.  3,  and  on  it  in  Figs.  5  and  6.  In  these 
figures  the  same  letters  are  used  as  in  the  diagram  Fig.  1,  to 
show  the  connection  between  the  diagram  and  the  figures 
of  the  mechanisms.  It  remains  to  be  shown  that  the  joint  Q  in 
these  mechanisms  describes  the  curve  which  is  the  inverse 
of  that  described  by  P,  with  reference  to  the  fixed  point  F 
as  pole — i.e.,  to  show  that  F  P  x  F  Q  =  c.  For  example,  in  Fig. 
2,  let  FE,2  =  FS2  =  L,  and  V^B^  =  F^S^  =  l.     Also  let, 

^E^FQj  =  6  and  ^E^P^Q^  =  ^E^Q^Pg  =  (p. 

From  Rj  drop  a  perpendicular  Rj  -^  upon  F  Qg. 

FP2  =  FB-P2B   =Lcos«-icos^ 
FQ2  =  FB  +  B'Qg  =  Lcostf  +  Zcosp. 

Hence    FPjxFQ^  =  L^cos^^-i^cos^^  =  L2cos2d-?2(l -sin^p). 

But  B  Rj  =  L  sin  tf  =  ^  sin  ^. 

FP2XFQ2  =  U(cos^i  +  siii'e)-P.=  L2-Z2. 

Now,  in  the  same  mechanism  neither  L  nor  I  vary  in  length ; 

thus  the  product  F  Pg  x  F  Qg  is  constant — i.e.,  Q^  describes  the 

inverse  of  Pj. 
Graphic  Method  of  Setting  the  Feaucellier  Compass. — For 

setting  the  compass  to 
draw  arcs  of  given  radius 
R,  the  following  simple 
graphical  construction 
gives  the  lengths  of  the 
fixed  link  and  of  that 
which  couples  it  to  the 
jointed  rhombus.  Refer- 
ring to  Figs.  2,  3,  and  4, 
let  L  +  ^  have  the  same 
meaning  as  in  the  above 
paragraph,  and  let  a  be 
the  length  of  the  fixed 
link  in  each  case,  and  let 
r  be  that  of  the  radial  link 

Fig.  4. — Geaphical  Method  for  SETTUfo   ~i  "1  *"".  ^2  ■'^^2j  ''^hile  R  is 
THE  Peaucelhek  Compass.  the  radius  of  the  arc  re- 

quired to  be  drawn. 
In  Fig.  i,  make  A  B  =  L  -1-  Z.     Set  off  perpendicularly  to  one 
side  BC  =  R-(L-i)  and  to  the  other,  AD  =  L-Z.     JoinDC, 
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cutting  A  B  at  E.  On  A  E  describe  a  semicircle.  Produce  E  A 
to  any  convenient  point  F,  and  from  F  draw  F  G,  a  tangent  to 
the  semicircle.  Then  the  ratio  of  A  F  to  F  G-  is  the  required 
ratio  for  Cg  Pg  to  Gg  F,  in  Fig.  2,  and  the  ratio  A  F  to  F  G  is 
that  required  for  CjPj  to  C^F,  in  Fig.  3.  Or  more  simply 
thus  : — Choose  F,  in  Fig.  4  conveniently,  i.e.,  so  that,  for 
example,  Pj  Cg  +  Cj  F,  in  Fig.  2,  may  be  within  the  limits  of 
the  mechanism,  and  make  Pj  Cg  =  F  A,  and  Cj  F  =  F  G. 


Fig.  5. — Third  Setting  op  the  Pbauoelliee  Compass. 

Note. — Teachers  may  find  it  convenient  to  set  Exercises  I.  to  XI.  to  their 
students  as  class  questions.  Private  students  should  work  out  these  questions 
carefully  at  home.  Students  should  be  encouraged  to  make  scale-working 
models  of  these  prohlerns  of  cardboard  or  wood-slip  with  strong  pins  or  steel 
needles  for  the  joint,  centres,  and  to  teit  by  experiment  the  accuracy  of  their 
drawings  and  calculations. 

Exercise  L.Fig.  5. — From  the  diagram  (Fig.  1)  take  the  proportions 
of  a  Peauoellier  sti-aight  line  motion,  scale  |,  and  make  the  jointed  rhom- 
bus the  same  size  as  in  the  last  two  problems  .Then,  find  the  locus  of  Qg 
and  its  range  of  motion. 

The  construction  is  similar  to  that  shown  in  the  last  two  problems. 

Exercise  II.,  Fig.  6. — Take  the  lengths  of  the  fixed  link  F  C  and  of  the 
lever  CP,  the  same  as  in  the  last  problem,  but  let  them  be  placed  inside  the 
rhombus,  and  make  the  sides  of  the  latter  twice  the  length  of  those  in 
Exercise  I.     Find  the  path  of  Q3  and  its  range  of  motion. 
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The  construction  for  the  path  and  range  are  again  similar,  but  they  may 
not  be  quite  so  obvious.  For  a  second  position  of  Qj  assume  any  point  P'j 
on  the  circle  through  P3.  With  P'3  as  centre  and  radius  =  P3  Rj,  or  P,  S3, 
cut  the  circle  through  R3  and  S3  at  R'3  and  S'j.  Then,  with  R'3  and 
S'3  as  centres,  and  the  same  radius,  draw  arcs  intersecting  at  Q'3.  Q'j 
should  be  on  a  line  P'3  F  produced. 

For  the  range,  produce  R3  F,  and  mark  off  on  it  R3  a  =  R3  Q3.  Then 
with  F  as  centre,  radius  Fo,  cut  circle  through  P3  at  c  and  d.  Lines  drawn 
through  cF  and  d¥  intercept  the  range  of  Q3's  motion  on  the  straight  line 
locus,  which  is  its  patbi. 


Fig.  6.— Fotjbth  Setting  of  the  Peaucellier  Compass. 


Chains  of  more  than  Four  Links — Modifications  of  the  Peau- 
cellier  Cell. — The  Peaucellier  cell,  by  which  is  meant  the  jointed 
rhombus  P  R  Q  S,  and  the  two  long  radius  rods  F  R  and  F  S  of 
Figs.  3,  5,  and  6  may  be  looked  upon  as  being  built  up  of  the 
two  simple  quadric  cranks  known  as  the  "kite"  and  the  "spear- 
head" respectively,  represented  in  Figs.  7  and  8.  For,  if  we 
superimpose  the  long  links  of  a  spearhead  upon  those  of  a  kite 
of  equal  size — i.e.,  of  equal  length  of  link — we  get  at  once  the 
form  of  the  Peaucellier  cell,  shown  in  Figs.  5  and  9.  Simi- 
larly, if  the  short  links  of  the  spearhead  be  laid  upon  the  short 
links  of  the  kite,  we  get  the  form  of  the  cell  shown  in  Figs.  6 
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and  10.  Other  combinations,  in  whole  or  in  part,  are  shown  in 
the  succeeding  Figs.  11,  14,  and  16.  Thus,  in  Pig.  11,  the  short 
links  of  an  equal  kite  and  spearhead  are  joined  end  to  end,  and 
in  Fig.  12  this  combination  is  repeated,  with  the  difference 
that  the  spearhead  is  half  the  size  of  the  kite.  In  Fig.  15 — 
the  Kempe  cell — two  kites,  the  one  twice  the  size  of  the  other, 
are  shown  combined.  In  each  case  the  long  links  are  twice  the 
length  of  the  short  ones.  A  long  link  of  the  small  kite  can 
thei-efore  be  exactly  fitted  on  to  a  short  link  of  the  large  kite,  as 


Fis.  7. — Kite  Mechanism, 

in.   . 


Fig.  8. — Spearhead  Meohanism. 


Fig.  9.  -  Combination  Kite  and 
Spearhead  Mechanism. 


Fig.  10. — Combination  Kite  and 
Spearhead  Mechanism. 


shown.  Again,  Fig.  13,  which  shows  a  double  cell,  may  be 
looked  upon  as  being  made  up  either  of  two  equal  spearheads 
joined  end  to  end,  or  of  two  kites  made  to  overlap  towards  the 
shorter  links.  Also,  in  Fig.  14,  we  have  Fig.  11  repeated  in  a 
different  form — the  Hart  cell.  For,  if  we  bisect  the  links 
by  drawing  a  line  F  T,  the  contra-parallelogram  W  R  M  N  will  be 
seen  to  be  a  half  kite  F  R  Q,  and  a  half  spearhead  F  W  P,  joined 
together  end  to  end  at  F.  This  may  be  made  more  evident  by 
drawing  in  the  other  halves  of  these  figures,  viz..  F  S  Q  and 


58 


LECTURE   IV. 


Fig.  11. — Combination  Kite  and  Spbaehead  Mboeanisji. 


Fig.  12. — Combination  Kite  and  Speaehead  Mechanism. 


Fjg.  13.— -Combination  Kite  and  Speakhead  Mechanism, 
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F  VP,  as  has  been  done  in  Pig.  14.  The  latter  figure  represents 
a  simplification  of  the  Peaucellier  mechanism,  inasmuch  as  the 
same  resultant  motion  is  now  given  with  the  use  of  six  links 
instead  of  eight.  This  property  of  the  contra-parallelogram  was 
discovered  by  Mr.  Hart,  of  Woolwich,  in  1874,*  viz.,  that 
if  a  line  be  drawn  across  the  links  of  the  contra-parallelogram,  so 
as  to  intersect  them  at  four  points,  at  the  same  relative  (^stances 
apart  as  are  the  four  joints  P  P  Q  T  in  the  double  cell  (Pig  13), 
then  both  sets  of  points  have  the  same  properties — (1)  that 
in  all  positions  of  the  mechanism  the  four  points  remain  on 
one  straight  line  ;  (2)  that  the  product  PP  x  FQ  remains 
constant. 

Lastly,  if  the  four  links  of  the  contra-parallelogram  be  each 
bent  to  the  same  angle  at  the  four  bisection  points  just 
mentioned,  we  get  the  Sylvester  -  Kempe  cell  (Fig.  16),  the 
straight  line  PPQT  of  Fig.  14  becomes  a  parallelogram  of 
constant  angles  and  of  constant  area,  so  that  the  product 
of  two  adjacent  sides  is  constant. 

ExBKOiSB  III.,  Figs.  7  to  10.— Draw  a  "kite"  and  a  "spearhead"  such 
as  shown  in  Figs.  7  and  8,  making  the  long  links,  sa^,  3  inches,  and  the 
short  ones  1^  inch  in  length,  centre  to  centre.  Next  make  a  tracing 
of  each,  and  apply  Fig.  8  to  Fig.  7,  so  as  to  get  the  results  shown  in  Figs. 
9  and  10.  Prick  through  the  copies  on  to  the  drawing  paper,  and  add  the 
fixed  link  FC  and  the  crank  OP. 

Exercise  IV.,  Fig.  11. — Trace  again  the  kite  and  spearhead  of  the  last 
exercise,  and  apply  them  so  as  to  get  Fig.  11.  Prick  through  a  copy,  and 
add  the  links  F  C  =  C  P.  Fix  the  link  FC,  and  find  the  path  of  the  point 
Q  and  its  range  of  motion. 

The  range  of  motion  is  obtained  in  the  same  manner  as  was  shown 
in  the  last  lesson.  Thus,  with  C  as  centre,  describe  a  circle  passing 
through  P  and  F.  On  WR  out  oflf  Wr  =  WP.  Next  with  centre  F 
radius  Kr,  describe  an  arc  cutting  the  circle  last  drawn  at  1'  and  1,.  Then 
C 1'  and  C  1,  are  the  extreme  positions  of  the  link  C  P,  and  lines  draAvn 
from  F  through  1'  and  1 ,  intercept  the  range  of  motion  on  the  path  of  Q. 

To  obtain  other  positions  of  Q  on  its  path,  assume  various  points  on  the 
arc  I'P  1,  as  successive  positions  of  P,  and  with  each  one  in  turn  as  centre, 
radius  P  V  or  P  W,  out  the  path  circle  of  V  or  W.  Then  draw  lines  from 
the  points  so  found  through  F  for  the  corresponding  positions  of  R  and  S. 
With  these  last  as  centres,  radius  R  Q  or  S  Q,  draw  arcs  which  will 
intersect  at  points  on  the  path  of  Q. 

The  path  is  a  straight  line,  for  the  same  reason  as  was  shown  in  the 
case  of  the  Peaucellier  straight-line  motion — viz.,  that  FP  x  FQ  is  of 
constant  value  in  all  positions  of  the  mechanism,  or,  as  it  might  be  other- 
wise stated,  that  the  product  of  the  heights  (F  Q  and  F  P)  of  the  combined 
kite  and  spearhead  (F  R  Q  S  and  F  P  V  W)  is  the  same  for  all  positions  of 
the  combination. 

Exercise  V.,  Fig.  15. — The  Kempe  cell.  Draw  a  kite  in  which  the 
shorter  arms  are  half  the  length  of  the  longer,  and  on  it  place  a,  similar 

*  See  a  lecture  on  "Linkages,"  by  A.  B.  Kempe,  B. A. 
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kite  of  half  the  size,  one  long  arm  of  the  latter  being  placed  on  a  short 
arm  of  the  former  as  shown.  Show  that  if  the  points  G  and  B  be  made  to 
approach  each  other,  that  the  imaginary  line  joining  them  is  always 
perpendicular  to  the  triple-jointed  link  ODE.  Make  the  latter,  say  3| 
inches  long. 


Fig.  14. — The  Habt  Oku,  Mechanism. 


I 
I 
I 
G., 


Fig.  15. — The  Kempe  Cell  MucHANiBii. 
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Fix  any  one  link,  say  e.gr.  CDE,  then  the  motions  of  all  the  other 
links  become  determinate.  On  drawing  lines  between  G  and  B  in  succes- 
sive positions,  it  will  be  found  that  G  B  is  always  perpendicular  to  C  E. 

EXEROISK  VI.,  Fig.  15.— Show  that  if  the  inner  joint  B  be  fixed  and  the 
triple-jointed  link  C  D  E  be  made  to  move  parallel  to  any  given  fixed 
line,  e.g.  CE,  then  the  opposite  joint  G  will  move  in  a  straight  line  path, 
which  is  a  perpendicular  to  C  E  and  of  range  equal  to  double  the  length  of 
the  long  links  CE  or  C 6. 

Firstly,  to  obtain  the  required  motion  introduce  a  fixed  link  B  A  parallel 
to  C  E,  and  a  crank  A  C  equal  and  parallel  to  the  link  B  D. 

The  paths  of  the  joints  C,  D,  E,  and  F  are  circles,  and  can  therefore  be 
drawn  in  at  once.  For  the  path  of  G,  assume  other  positions  of  the  joint 
F,  e.g.  F'  on  its  circle.  Then  with  F'  as  centre,  radius  P  E,  out  E's  path 
at  E'.  Next,  with  E'  as  centre,  radius  E  0,  cut  C's  path  at  C.  Lastly, 
with  F'  and  C  as  centres,  radii  FG  and  CG  respectively,  draw  arcs 
intersecting  at  G',  which  is  a  second  point  on  the  path  of  G. 

For  the  range,  evidently  when  P  is  at  F",  6  will  then  occupy  the 
extreme  position  G",  and  if  the  mechanism  be  so  constructed  that  the 
various  parts  clear  one  another,  it  will  be  found  that  G  may  move 
from  G"  to  G„,  a,  distance  equal  to  twice  the  length  of  the  longest 
links. 

If  a  circle  be  drawn  from  F  as  centre,  passing  through  G,  B,  and  E, 
and  a  second  circle  be  drawn  from  B  as  centre,  with  twice  the  radius,  it 
will  touch  and  enclose  the  first,  and  the  student  will  at  once  recognise 
in  the  straight  line  path  of  G  a  hypocycloid,  described  by  G  as  a  point 
on  the  circumference  of  the  circle  G  B  E,  when  it  rolls  upon  that 
described  from  B,  the  latter  having  a  radius  equal  to  the  diameter  ot 
G  B  E.  And  whereas,  both  in  the  slider  and  in  the  quadric  crank  parallel 
motions,  only  a  part  of  the  diameter  of  the  guiding  circle  was  available  Jor 
the  range  of  motion,  this  mechanism  may  be  constructed  so  that  the  whole 
diameter  may  be  traversed  by  the  describing  point. 

Exercise  VII. ,  Fig.  15.  —Given  the  mechanism  A  B  C  D  E  F  G,  with  A  B 
as  fixed  link.  Let  it  be  required  that  the  path  of  the  describing  point 
should  make  any  given  angle  a  with  the  axis  of  the  fixed  link. 

Construction. — ^Draw  BL'  at  the  given  angle  a  with  AB.  Prom  F  as 
centre,  draw  the  circle  GBE.  Produce  L'B  to  out  this  circle  at  H. 
Join  P  H ;  then,  if  F  H  represents  a  bent  prolongation  of  the  link  G  F — i,e., 
if  F  H  is  rigidly  attached  to  G  P — H  will  move  in  the  line  L'  B  L. 

As  shown  in  the  note  to  the  last  problem,  G  describes  a  straight  line 
hypocycloid  passing  through  the  point  B.  By  the  construction  in  the 
present  problem  H  is  a  point  on  the  circumference  of  the  same  rolling 
circle,  and  therefore  when  G  moves  along  G"  B  G„,  H  must  move  in  the 
line  LBL'.  In  the  same  way  points  may  be  obtained  with  paths  making 
any  angle  with  A  B,  and  if  it  should  be  required  that  the  same  mechanism 
should  be  able  to  describe  any  patli,  we  have  only  to  substitute  a  disc  on 
centre  P  for  the  bent  link  6 PH.  Then  the  tracing  point  may  be  placed 
in  any  hole  on  the  circumference  of  the  circle  GBE. 

Exercise  VIII.,  Fig.  16. — ^Draw again  the  contra-parallelogram  WRMN 
of  the  last  exercise,  and  bisect  the  sides  at  the  points  F  P  Q  T.  Draw  next 
each  of  the  four  links  as  if  bent  to  a  right  angle  opposite  these  middle 
points  to  right  and  left  alternately,  as  shown  in  Pig.  16,  at  points/,  q,  t,  p. 
Show  the  path  and  range  of  motion  of  the  point  q,  if  pf  be  bisected  at 
c  and  <^be  assumed  as  a  fixed  link. 

First  for  the  range  of  motion.  On  W  jo  cut  off  Wf,  =  W/,  and  with  /  as 
centre,  radius /'p,  cut  circle  c  at  p'  and  p,.    Then  cp,  cp,  are  the  extreme 
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positions  of  cp.  For  tho  range  of  movement  of  Wf:  On  pW  cut  ofiF 
pd  =  pc,  and,  with  c  as  centre,  dW  as  radius,  intersect  circle y at  Wq 
and  W,.     Then/W,,  and/W,  are  the  extreme  positions  of/W. 

For  the  path  of  g  assume  any  position  of  p  on  the  arc  p'  pp„  such  as  p^. 
With  Pf,  £13  centre,  radius  pW,  cut  circle/ at  Wj,  say.  Then,  withpj  and 
Wd  as  centres,  radius  pSi  and  WM  respectively,  describe  intersecting 
arcs  at  Mq.  Next  find  Rj  by  making  arc  WjR,  =  arc  W  R.  With  R,,  as 
centre,  radius  R  N,  describe  an  arc  j  and  from  Mq  as  centre,  radius  M  N, 
draw  an  intersecting  arc  at  Ng.  Lastly,  with  Bg  and  Ng  as  centres,  radius 
qK  or  gN,  describe  arcs  intersecting  at  gg,  which  is  a  second  point  on  the 
locus  of  q. 


.-9 


Tia.  16. — ^The  Stltestek-Kempe  Cell  ItECHAinsM. 

Componnd  Chains. — In  the  last  lesson  some  of  the  figures — 
e.g.,  11, 12,  and  15 — showed  examples  of  the  way  in  which  chains 
are  combined.  Of  all  the  previous  examples,  one  characteristic 
would  be  noticed — viz.,  that  no  link  carrieid  more  than  two 
elements.  These,  then,  were  examples  of  simph  chains  ; 
but,  in  coming  now  to  more  complex  forms,  we  distinguish  a 
compound  chain  as  one  in  which  one  or  more  links  carry  moi-e 
than  two  elements.  Thus  the  PeauceUier  parallel  motion  (Figs. 
9  and  10)  is  an  example  of  the  former,  while  that  of  Kempe 
(Fig.  15)  illustrates  the  other.  It  should  also  be  noticed  that  all 
the  examples  hitherto  given  have  belonged  to  what  Professor 
Kennedy  calLs  the  first  order  of  those  mechanisms  which  have 
only  lower  pairs.  In  all  of  them,  if  one  position  of  the  mech- 
anism be  either  given  or  assumed,  then  other  positions  can  be 
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found  by  mere  straight  line  and  circle  constructions.  But,  in 
some  of  the  examples  which  follow — e.g.,  the  compound  double 
kite  (Fig.  22)— this  cannot  always  be  done.  Such  cases,  there- 
fore, Kennedy  assigns  to  a  second  or  higher  order  of  lower-paired 
mechanisms,  and  deals  with  them  by  the  process  of  "fitting  in"* 
in  those  links  which  have  not  been  otherwise  determined. 

Having  given  a  number  of  typical  examples  of  point  paths  in 
simple  chain  mechanisms,  we  shall  pass  on  now  to  some  examples 
of  compound  chains. 

Exercise  IX.,  Fig.  17. — Draw  Watt's  parallel  motion  ACFE,  oom- 
pounded,  as  in  Fig.  17,  with  B  D  F.  Show  first  the  range  of  movement  of 
the  various  links  in  the  mechanism  thus  obtained  ;  secondly,  the  range  of 
motion  through  which  the  upper  table  T  T  moves  in  a  horizontal  plane  ;  or 
that  the  centre  of  the  side  table  S  S  moves  horizontally  in  an  approximate 
straight  line.     Dimensions  from  Exercise  II.  (Lect.  III.). 


Fig.  17.— Combination  of  Watt's  Paballbl  Motion. 


For  the  total  range  of  movement,  draw  first  the  circular  paths  of  C,  D, 
and  F.  From  centre  A,  radius  AC-^CF,  draw  an  arc  intersecting  the 
path  of  F  at  F',  and  from  centre  F',  radius  PD,  cut  path  of  D  at  D'. 
Then  E  F'  and  B  D'  represent  the  extreme  positions  of  E  F  and  B  D  to  the 
right-hand  side.  But  A  C  is  not  the  extreme  position  to  tliat  side  of  A  C. 
For  that,  draw  from  centre  E,  with  radius  BF-l-FC,  an  arc  cutting  the 
path  of  C  at  C"-     Then  A  C"  is  the  extreme  right-hand  position  of  A  C. 

*  Mechanics  of  Mmchinery,  %  58,  p.  441, 
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For  the  second  part  of  the  question,  draw  part  of  the  path  of  the  points 
G  and  H. 

Exercise  X. — Draw  the  TchebiohefiF  parallel  motion  to  the  dimensions 
given  in  Exercise  VI.  (Lect.  III.),  and  add  two  links,  EG  and  FG,  as  in 
Fig.  18,  making  EG  =  CDandFG  =  iBC.  Then  find,  as  in  the  last 
exercise,  (1)  the  range  of  movement  of  the  various  links,  (2)  the  range 
of  motion  of  the  table  T  T  in  a  horizontal  plane. 


-Combination  of  Tchebicheff  Parallel  Motion. 

With  centre  A,  radius  AD  +  D  C,  out  the  path  of  C  at  C".  Then  BC" 
is  the  extreme  position  of  B  0  to  the  right  hand.  With  centre  B,  radius 
BC-CD,  cut  the  path  of  D  at  D';  then,  AD'  is  the  extreme  position  of 
A  D  to  the  right  hand.  The  positions  of  the  other  links  are  also  shown  in 
the  figure. 

For  the  second  part  of  the  question,  draw  as  much  of  the  paths  of  E  and 
G  as  is  necessary  to  determine  the  portions  which  are  approximately 
straight  lines. 

Exercise  XI. — Fig.  19  represents  the  mechanism  of  a  model  which 
was  shown  at  the  Vienna  Exhibition  of  1873,*  by  the  Imperial  Technical 
School  of  Moscow.  Draw  to  the  dimensions  given  on  the  figure,  and  show 
the  range  of  movement  of  the  parts  and  the  path  of  the  guided  point  G. 
Scale,  J. 

It  will  readily  be  seen  that  the  mechanism  consists  of  the  Tchebicheft 
parallel  motion  A  B  C  D,  compounded  with  the  grasshopper  parallel  motion 
of  Scott  Russell,  E  G  F  H. 

When  the  latter  is  a  slider  crank,  the  upper  end  of  the  arm  EG 
moves  in  a  straight  line,  but  in  the  present  case  the  path  of  G  can  be  only 
approximately  rectilinear,  because  it  depends  upon  the  motion  of  E,  which 
is  itself  only  an  approximation.  Notice  that  the  stroke  of  the  piston  P  is 
in  length  equal  to  tvnce  the  stroKe  of  the  crank. 

'Illustrated  in  Engineering,  vol.  xvi.,  p.  284. 
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ExEECiSE  XII.— Fig.  20  represents  the  principal  mechanism  of  a  steam 
engine,  shown  at  the  Glasgow  Exhibition,  1888.  Draw  to  the  dimensions 
supplied  on  the  sketch,  and  determine  the  path  of  the  orosshead  F, 
Scale  ^. 

On  examination,  BCDBF  will  be  recognised  as  a  normal  quadric  crank 
parallel  motion  (see  Lecture  III. ).  The  point  F  describes  a  straight  line  of 
length  equal  to  the  stroke  of  the  engine. 


Fio.  19.— Model  Meohanism. 


Fig.  20. — Steam  Enoine  Mechanism. 

ExBECiSE  XIII.,  Fig.  21. — Draw  the  contra  parallelogram  WRNMW 

(dimensions,  say,  W  M  =  R  N  =  SJ  inches,  and  W  R  =  M  N  =  If  inches) ; 

then  represent  these  links  each  as  if  bent  to  a  right  angle  at  the  points 

p,  f,  q,  and  t  respectively,  in  the  same  manner  as  in  Exercise  V. ,  Fig.  16. 

5  5 
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On  /?,  pt,  side8  of  the  rectangle  pfgt,  draw  the  equal  and  parallel 
isosceles  triangles  fd q,  pet,  and  on  fd  draw  the  rectangle  fTTd.  llie 
lines  pc,  ct,  and  d  q  represent  additional  links,  and  fTTd  represents  a 
frame  or  table  carried  on  the  joints  /  and  d.  Try  the  link  p  c,  and  deter- 
mine the  range  of  motion  of  the  mechanism,  and  show  the  point  paths  of 
all  the  joints. 

The  SylYcster-Kempe  quadriplane  applied  to  the  purpose  of  giving  a 
limited  motion  in  a  horizontal  plane  to  a  table  T  T. 

The  range  of  motion  is  determined  by  that  of  the  quadric  crank  pMte, 
Draw  first  the  circular  paths  of  M  and  t.  With  c  as  centre,  radius  ct  + 
tM,  cut  M's  path  at  M'.  Then  pli't^c  is  the  extreme  position  of  the  crank 
to  the  left  hand.  For  the  corresponding  positions  of  the  other  links 
proceed  as  follows  : — With  centre  t",  radius  (N,  and  centre  M',  radius  MN, 
draw  intersecting  arcs.  This  determines  N'.  Next  with  centre  M',  radius 
M  W  {MpW — one  piece)  cut  the  path  of  W  at  W'.     Then  from  W  as 
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Fig.  21. — The  Stlvestee-Kempe  Qttadeiplaue  MECHAinsH. 


centre,  radius  WR,  and  from  centre  N',  radius  NR,  draw  arcs  intersect- 
ing at  R'  (to  left  of  diagram).  Also  from  R'  and  N',  radius  Viq  =  Ng, 
draw  arcs  intersecting  at  g".  And  from  W  and  R',  radius  W/  =  'Rf,  draw 
arcs  intersecting  at/'.  Lastly,  from  q'  andy,  radius /d  =  dq,  draw  arcs 
intersecting  at  d'.  These  points,  when  connected  by  the  proper  lines,  show 
the  extreme  position  of  the  mechanism  to  the  left  hand.  The  extreme 
position  at  the  other  end  of  the  range  is  determined  in  a  precisely  similar 
manner.  From  centre  p,  radius  p  M  +  M  «,  cut  the  path  of  (  at  tj ;  then, 
p Ml t^c  is  the  extreme  position  of  the  quadric  crank  to  the  right  hand. 
For  the  remainder  of  the  figure,  proceed  as  before.  The  paths  of  W,  M, 
and  t  are  circles.  For  the  paths  of  /,  R,  q,  d,  and  N  assume  various 
positions  of  t  intermediate  between  f  and  t^,  and  find  the  corresponding 
positions  of  the  other  points  in  the  same  way  as  /',  R',  &c.,  were  deter- 
mined above. 

ExEKCiSE  XTV.,  Fig.  22. — Fig.  22  represents  a  compound  double  kite 
of  the  Kempe  type.     Given  the  left-hand  figure  A  B  C  I)  E  F,  of  the  same 
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dimensions  as  in  Ex.  V.,  draw  (1)  the  right-hand  figure  DGHJKL; 
(2)  show  the  range  of  motion  of  the  compound  mechanism,  link  AB  being 
supposed  fixed  ;  (3)  draw  the  path  of  the  centre  of  each  joint. 

(1)  Produce  C  D  to  K,  making  D  K  =  D  C.  Similarly,  make  D  J  =  D  E. 
Then,  with  centres  D,  J,  and  K,  radii  D  G  =  D  B,  K  L  =  E  F,  and  .J  H  = 
CA  respectively,  draw  arcs-  of  circles.  This  is  evidently  as  far  as  we 
can  get  towards  determining  the  position  of  the  compound  link  GLB 
by  ordinary  methods  of  construction.  For  the  exact  position  of  Or,  L,  and 
H  we  may  either  assume  from  symmetrical  considerations  that  A  K  D  6= 
i  E  D  B  ;  or,  preferably,  we  may  proceed  without  making  any  assumption 
by  the  "fitting"  process,  as  follows: — Use  a  strip  of  paper,  out  to  a 
straight  edge,  apply  the  latter  to  the  axis  of  the  fixed  link,  and  make 


Fig.  22. — Compound  Double  Kite  Mechanism. 


marks  apposite  the  points  A,  F,  and  B.  Now  turn  the  strip  end  for  end, 
and  adjust  it  among  the  circular  arcs  drawn  from  D,  J,  and  K,  until 
the  three  points  marked  lie  on  the  three  arcs.  G,  L,  and  H,  as  so 
determined,  will  be  found  to  lie  on  the  axis  of  AB  produced,  and  this 
completes  the  figure  of  the  required  compound  linkage. 

(21  The  range  of  motion :  First,  for  the  extreme  positions  of  the  kite 
ABCDEF,  we  see  that  when  D  is  at  L,  C  and  E  are  both  at  B. 
Thus  the  whole  figure  has  collapsed  into  the  straight  line  A  L,  and  that 
is  evidently  as  far  as  it  can  get  to  the  right  hand.  In  other  directions, 
we  see  that  AC  can  get  no  further,  either  above  or  below  AB,  then 
bring  B  D  and  D  C  into  one  straight  line.  Hence  with  centre  B,  radius 
BD  +  DC.  out  the  path  of  C  at  C  and  C,.  The  kite  will  then  be 
represented  in  outline  by  A  C  D'  B  and  A  0,  D,  B  respectively.     Secondly, 
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for  the  extreme  positions  of  the  other  half  DG  H  J,  we  see  that  when  D  ia 
at  L,  C  and  E  are  at  B,  and  J  and  K  will  therefore  be  at  M.  Also  it  will 
be  found,  on  drawing  arcs  from  these  new  positions  of  D,  J,  and  K  as 
centres,  that  G,  L,  and  H  fit  in  on  the  line  AB  produced.  The  whole 
compound  linkage  has,  therefore,  now  fallen  into  the  straight  line  A  B 
produced,  and  this  is  evidently  its  extreme  position  to  the  right  hand,  H 
being  at  a  distance  J  H  from  the  point  M.  Returning  from  this  position 
it  wiU  be  noticed  that  J  reaches  its  maximum  distance  from  the  centre 
line  AM  at  J';  i.e.,  when  C  is  at  0',  D  at  D',  and  E  at  D".  Again, 
the  extreme  position  of  D  G  H  J  to  the  left  will  evidently  be  reached  when 
D  is  at  D".  This  sends  E  round  to  B  and  takes  C  down  to  the  same 
point.  Now,  when  C,  D,  and  E  are  all  on  the  line  A  B,  so  will  J  and  K. 
Both  these  points  will  be  at  A,  and  on  drawing  arcs  and  fitting  in  GLH 
as  before,  it  will  be  found  that  G  H  now  coincides  with  A  B.  This,  then, 
is  the  extreme  of  the  range  to  the  left  hand.  G  H  L  thus  moves  through 
a  range  of  three  times  its  own  length,  and  as  will  be  seen  further,  on 
working  out  the  paths,  that  it  moves  throughout  this  range  in  one  straight 
line. 

(3)  The  paths  of  the  centres  of  the  joints.  Those  of  C,  D,  and  E,  as 
circles,  can  be  drawn  in  at  once.  For  the  paths  of  the  other  joints,  we 
may  conveniently  begin  with  C  at  C,  which,  as  we  have  before  seen,  is 
Its  uppermost  position,  and  assume  various  positions  of  C  on  the  arc  C  C^ 
Next  find  the  corresponding  positions  of  J)  and  E  on  their  respective 
circles,  and  having  drawn  in  the  links  C  D  and  E  D,  produced  them  to 
J  and  K  in  each  case.  The  corresponding  positions  of  the  various  joints 
are  marked  by  the  same  numbers  1,  2,  3,  &c.,  on  the  diagrams.  Lastly, 
from  the  various  positions  of  D,  J,  and  K,  draw  arcs,  as  before  described, 
for  fitting  in  GLH.  Thus,  for  example,  let  C°,  which  is  No.  9  on  the  arc 
C  C„  be  the  assumed  position  of  0.  With  C  as  centre,  radius  C  D,  cut 
the  path  of  D  at  D",  and  with  D"  in  turn  as  centre,  radius  D  £,  cut 
the  path  of  E  at  E».  Draw  C  D»,  E^D",  and  produce  tbem  to  K"  and  J" 
respectively,  making  B"  K"  =  D«  C  and  D»  J*  =  D«  E».  Then  with  D»,  J», 
and  B"  as  centres,  radii  DG,  JH,  and  KL  respectively,  draw  arcs. 
Lastly,  with  a  strip  of  paper,  as  before  explained,  find  the  relative 
positions  of  G",  L«,  and  H»  by  "fitting."  The  path  of  J  will  be  found  to 
be  an  ellipse,  of  which  AB  is  the  semi-major  axis,  and  the  minor  axis 
is  equal  in  length  to  C  C„  the  chord  of  the  arc  C  C„  which  subtends  the 
angular  range  of  the  link  AC.  The  path  of  K  is  a  lemniscoid  curve 
of  length  equal  to  the  major  axis  of  J's  path,  and  of  breadth  equal  to  the 
diameter  of  the  circle  described  by  E. 
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LECTURE    V. 

Contents. — Motion  and  Position  in  a  Plane — Instantaneous  or  Virtual 
Centres,  Centrode,  and  Axode — Permanent  Centre — Relative  Motion 
of  Two  Bodies  in  a  Plane — Three  Virtual  Centres  lying  in  a  Straight 
Line —Relative  Linear  Velocities  of  Points  in  Mechanisms — Relative 
Angular  Velocities — Relative  Angular  Velocity  of  Two  Non- Adjacent 
Links — Examples  I.  to  III. — Questions. 

Motion  and  Position  in  a  Plane. — Two  chief  classes  of  problems 
arise  in  connection  with  the  Science  of  Kinematics,  the  first 
dealing  with  the  position  and  motion  of  a  particle,  and  the 
second  treating  of  similar  questions  relating  to  rigid  bodies. 

Motion  is  defined  as  change  of  position.  And,  it  is  known,  if  the 
position  of  the  point  or  body  considered  is  known  for  every 
instant.  The  position  of  a  point  or  of  a  body  can  only  be 
defined  in  relation  to  another  point  or  body,  as  the  case  may  be, 
whose  position  is  fixed,  or,  in  other  words,  whose  change  of 
position  may  be  neglected.  Position  and  motion  are  then  purely 
relative.  In  stating  the  position  of  a  point  or  body  we  must 
then  refer  to  some  other  point  or  body,  and  in  considering  the 
motion  of  a  point  or  system  of  points,  such  motion  can  only  be 
imagined  with  reference  to  a  second  point  or  system  of  points, 
supposedito  be  fixed. 

In  the  case  of  plane  motion,  this  reference  system  is  usually 
taken  to  be  the  surface  on  which  is  drawn  the  diagram,  repre- 
senting the  motion  of  the  body  considered.  In  order  to  define 
the  plane  motion  of  a  plane  figure,  with  regard  to  a  plane,  it  is 
sufficient  to  know  the  motion  of  any  two  points  in  the  figure 
with  reference  to  the  plane. 

In  most  cases,  problems  arising  in  the  kinematic  study  of 
machines  are  found  to  involve  the  consideration  of  plcme  motion 
only. 

A  rigid  body  having  plane  m,otion  moves  in  such  a  way,  that 
all  planes  originally  parallel  to  a  certain  fixed  plane  (that  of 
motion)  remain  parallel  thereto  during  the  whole  movement  of 
the  body,  while  any  point  whatever  in  the  body  moves  in  a 
plane  either  parallel  to  or  coincident  with  the  plane  of  motion. 
A  body  moving  in  this  manner  will  have  no  motion  of  translation 
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in  a  direction  normal  to  the  plane  of  motion,  and  the  position 
of  the  body,  with  respect  to  the  plane  of  motion,  will  agree 
exactly  with  the  position  of  its  projection  on  the  plane  of 
motion.  Hence,  in  considering  the  plane  motion  of  rigid  bodies, 
we  need  deal  only  with  the  kinematics  of  plarie  figures,  and  all 
propositions  relating  to  the  plane  motion  of  plane  figures  will  be 
applicable  to  that  of  rigid  bodies. 

It  is  not,  in  general,  so  necessary  to  trace  out  the  whole 
motion  of  a  body  as  to  know  what  is  its  instanta/neov^  motion  at 
some  given  stage  of  its  movement.     By  this  term  is  meant,  the 


Fig.  1. — Illttsteating  Instantaneous  Centkb,  Centeode,  and  Axode. 

change  of  position  executed  by  the  body  in  a  very  small  period 
of  time.  The  manner  in  which  these  small  changes  of  position 
follow  one  another,  must  now  be  considered  for  the  case  of  plane 
motion. 

Instantaneous  or  Virtual  Centres,  Centrode  and  Axode. — Let 
Aj  Bj,  Aj  Bo,  represent  two  successive  positions  of  a  plane  figure, 
as  defined  by  the  position  of  two  points  Aj  Bj  in  Fig.  1,  at  the 
beginning  and  end  of  an  interval  of  time  which  is  very  small  as 
compared  with  the  whole  period  of  motion. 

Join  Aj  Aj,  Bj  Bj,  and  bisect  the  lines  A^  Aj,  B^  Bj,  by  straight 
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lines  perpendicular  to  AjAj,  ^iB^,  and  intersecting  at  Cj.  Then 
it  is  plain,  that  Oj  Aj  =  Oj  A^  and  Cj  Bj  =  C^  Bj,  and  if  the  point 
A]  had  described  a  very  small  circular  arc  with  centre  Cj,  its 
new  position  would  have  been  Aj,  and  its  path  would  have  been 
indistinguishable  from  the  line  Aj  A„.  The  actual  infinitesimally 
small  change  of  position  of  the  point  Aj  is  therefore  the  same  as 
if  it  had  been  rotated  in  the  plane  of  motion  around  an  axis 
perpendicular  to  the  plane  and  passing  through  0^,  and  similarly 
for  the  point  Bj.  Thus,  knowing  the  change  of  position  of  two 
points  in  the  rigid  figure  considered,  we  say  that  the  actual 
instantaneous  motion  of  the  body  Aj^  Bj  has  been  equivalent  to 
a  virtual  rotation  about  the  centre  Oj^.  During  the  next  instant, 
the  instantaneous  motion  may  be  around  some  other  point  Cg 
indefinitely  near  to  Cj,  and  so  on.  The  point  Cj  corresponds 
.to  the  movement  from  Ag  B^  to  Ag  B3.  Thus  to  every  part  of  the 
motion  of  Aj  Bj^,  with  regard  to  the  plane,  there  corresponds  a 
certain  point  C  in  the  plane,  about  which  an  equivalent  virtual 
rotation  has  taken  place.  Such  points,  as  Cj,  0,,  &c.,  are  called 
the  instantaneous  or  virtual  centres  of  Aj  Bj  with  regard  to  the 
plane.  The  locus  of  Cj,  or  the  curve  described  by  the  point  C 
on  the  plane,  is  known  as  the  centrode  of  Aj  B^  with  regard  to 
the  plane,  and,  in  general,  it  forms  a  continuous  curve. 

In  the  case  of  a  rigid  body  having  plane  motion,  it  would  be 
more  correct  to  consider  the  equivalent  rotation  as  taking  place 
about  a  virtual  axis  perpendicular  to  the  plane  of  motion,  of 
which  the  points  Cj,  Cj,  &c.,  are  the  successive  traces  on  the 
plane  of  motion.  Such  a  virtual  axis  would  then  describe  a 
surface  in  space,  this  surface  being  known  as  the  axode  of  the 
body  with  regard  to  the  plane  of  motion.  For  most  cases  of 
plane  motion,  we  are  content  to  simplify  matters  by  considering 
the  centrode  instead  of  the  axode.  However,  in  more  complex  forms 
of  motion  the  axode  becomes  of  great  kinematic  importance.  It 
is,  in  every  case,  what  is  called  a  ruled  surface — i.e.,  a  surface 
described  by  successive  positions  of  a  straight  line  in  space. 

Permanent  Centre. — Referring  again  to  the  plane  motion  of 
A,  B^  in  Pig.  1,  let  us  inquire  what  happens  if  our  construction 
fails  ?  This  will  occur  if  the  bisectors  of  the  lines  Aj  Ag  and 
B.Bj  are  parallel,  in  which  case  the  successive  positions  of 
A,  B,  are  also  parallel  to  one  another,  and  the  motion  of  the 
body,  or  of  the  figure  it  represents,  is  one  of  simple  translation 
in  a  'straight  line.  The  virtual  centre  for  such  motion  as  this  is 
then  at  an  infinite  distance,  and  we  may  regard  any  plane  motion 
of  translation  in  a  straight  line  as  equivalent  to  a  rotation  about 
an  infinitely  distant  centre.  Again,  suppose  that  one  of  our 
reference  points  Aj  does  not  change  its  position  at  all,  then,  it 
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is  easily  seen  that  A^  Bj  has  now  simple  rotation  about  Aj,  and 
during  the  continuation  of  this  motion  we  have  no  longer  a 
virtual  but  a  permanent  centre.  It  may  happen,  that  the  lines 
bisecting  Aj  Aj  and  Bj  Bg  are  coincident.  A  little  consideration 
will  show  that  in  this  case,  the  point  Cj  is  at  the  intersection  of 
Aj  Bj  and  Ag  Bg,  produced  if  necessary,  since  the  triangles 
AjEjCi  and  AjBjCg  must  be  equal  in  every  respect,  and,  as 
before,  a  simple  rotation  about  Cj  would  suffice  to  move  Aj  Bj 
into  the  new  position  Aj  Bj. 

It  is  thus  shown,  that  in  every  case,  the  motion  of  a  plane 
figure  in  a  plane,  may  he  rega/rded  as  eqidvaient  to  a  simple 
rotation  about  some  permanent  or  virtual  centre.  The  position 
of  the  centre  in  the  plane  will  be  fixed  for  simple  rotation,  or  will 
be  at  an  infinite  distance  in  the  case  of  simple  translation.  Such 
a  virtual  centre  is,  in  general,  neither  fixed  nor  at  an  infinite 
distance,  but  changes  its  position  as  the  body  moves,  and  its 
locus  in  the  plane  is  the  centrode  of  the  body  with  reference 
to  the  plane.  Only  rigid  bodies  or  figures  can  have  cen- 
trodes,  since  we  assume  that  the  position  of  our  reference 
line  Aj  Bj  in  the  body  or  figure  remains  unchanged  throughout 
the  motion,  and  we  represent  a  rigid  body  by  the  line  joining 
the  two  points  in  question.  It  has  also  been  seen,  that  the 
centrode  of  a  body  with  regard  to  the  plane  of  motion,  is  a 
curve  described  on  that  plane  by  the  virtual  centre  of  the  body. 

Relative  Motion  of  Two  Bodies  in  a  Plane.— Let  Aj  Bj  and 
Cj  Dj  in  Fig.  2  be  the  original  position  of  two  bodies  in  a  plane. 
Let  Cj  Dj  remain  fixed,  then  A2B2,  A3B3 . . .  AgBg  will  represent 
successive  positions  of  AjB,,  the  motion  from  Aj  Bj  to  AjBj 
corresponding  to  a  rotation  about  a  virtual  centre  I,,  and  so  on. 
The  curve  Ij . . .  I5  is  then  the  centrode  of  Aj  Bj  with  regard 

to      Cj  Dj. 

Next,  we  plot  the  positions  Cj  Dj  . . .  Cg  Dg  which  Cj  Dj  would 
occupy,  supposing  that  the  relative  motion  were  the  same  as 
before,  but  that  Aj  B,  now  remain  fixed.  For  example,  in  the 
figure,  C^  D^  has  the  same  position  relative  to  Aj  Bj  that  A4  B^ 
has  to  Cj  Dj,  and  so  on  for  all  the  other  positions.  We  now  find 
the  series  of  virtual  centres  Ij,  Ng  •  •  •  Ng  by  the  construction 
previously  explained,  and  see  that  these  centres  lie  on  another 
curve  touching  the  first  at  Ij,  and  forming  the  centrode  of  C,  D, 
with  regard  to  Aj  Bj.  Remembering  that  this  curve  is  attached 
to,  or  rather  described  on,  the  body  represented  by  AjBj, 
suppose  that  Cj  Dj  remains  fixed,  while  Aj  Bj  moves  from 
AjBj  to  AgBj  with  the  centrode  attached — i.e.,  AjBj  rotates 
instantaneously  about  Ij.  If  the  movement  is  imitated  by 
tracing  Aj  Bj  and  the  curve  Ij,  Nj  . . .  Ng  on  paper,  and  placing 
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Aj  Bj  in  the  position  Aj  Bj,  it  will  be  found  that  ^2  coincides 
with  I2.  When  Aj  Bj  is  at  A3  Bg,  then,  I3  and  Ng  coincides,  and 
so  on.  Such  successive  coincidences  can  only  occur  if  the  curve 
Ij  Ng  rolls  on  the  curve  Ij  I5. 

In  the  same  way,  if  we  trace  C^  J)^  and  the  curve  I^ . . .  I5, 
and  let  Cj  D^  occupy  its  successive  positions,  we  find  that  the 
points  coincide  as  before,  the  curve  Ij  . . .  I5  now  rolling  on  Ij  N5. 

It  is  evident,  therefore,  that  the  two  centrodes  corresponding 
to  the  relative  motion  of  the  two  bodies  Aj  B^  and  Cj  D^  always 
touch  at  a  point,  which  is  the  virtual  centre  for  the  instant 
considered,  and  we  may  represent  such  relative  motion  by  the 
rolling  on  one  another  of  a  pair  of  centrodes.  Further,  the 
student  will  find,  that  from  the  form  of  these  centrodes  we  can 
determine  the  relative  motion  of  the  two  bodies. 


Fig.  2.— Bblative  Motion  of  Two  Bodies  in  a  Plane. 


Three  Virtual  Centres  lying  in  a  Straight  Line. — On  examination 
of  any  particular  case,  we  shall  see  that  the  various  virtual 
centres  in  a  mechanism  having  plane  motion  are  arranged  in 
threes,  each  three  lying  in  a  straight  line,  whatever  be  the 
position  of  the  mechanism,  as  in  Fig.  3. 

As  this  property  is  of  very  great  value  in  determining  the 
positions  of  the  virtual  centres  for  complex  mechanisms,  we  will 
give  the  proof  of  this  statement  here.  Consider  any  three  of 
the  bodies,  or  links  forming  the  kinematic  chain  or  mechanism, 
and  let  us  call  them  a,  b,  c.  Denoting  the  virtual  centre  of  a 
with  regard  to  b  by  Oab,  and  remembering  that  this  is  the  same 
point  as  the  virtual  centre  of  b  with  regard  to  a,  we  have  for  the 
three  bodies  considered,  the  three  virtual  centres  Oab,  Oac,  Ojc. 
First  consider  6  as  being  fixed,  then  any  point  in  o  has  a  simple 
motion  of  rotation  with  regard  to  the  point  Oaj,  so  that,  for 
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example,  the  point  Oac  is  moving  instantaneously  and  relatively 
to  6  in  a  direction  at  right  angles  to  the  line  Oac  ■  •  ■  Oat- 

Again,  with  reference  to  the  point  Otc,  any  point  in  c,  such  as 
Oac,  must  be  moving  instantaneously  and  relatively  to  6  in  a 
direction  at  right  angles  to  the  line  Oae  •  •  ■  Oftc- 


Fig.  3. — ^Three  ViKriTAL  Centees  lying  is  a  Steaight  Line. 


Co. 

Fig.  4.— Fouk-Bar  Mechanism. 


Thus  the  point  Oa<.,  regarded  as  a  point  in  a,  is  moving  in 
a  line  perpendicular  to  Oac  •  •  •  Osc,  b  being  considered  as  fixed 
in  each  case.  Oac  cannot  have  two  separate  directions  of 
instantaneous  movement  at  the  same  instant,  hence  the  lines 
Oae  •  •  •  Oab  and  Oac  •  • .  Obe  are  both  perpendicular  to  the  same 
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line.  They  cannot  be  parallel,  since  they  both  pass  through 
Oac  and  they  therefore  coincide  in  direction — i.e.,  the  points 
Oabt  Om)  Oie  lie  on  one  straight  line. 

Relative  Linear  Velocities  of  Points  in  Mechanisms. — Having 
found  the  virtual  centre  of  any  two  bars  of  a  mechanism,  it 
is  not  difficult  to  find  the  velocity  of  any  point  in  one  bar 
relatively  to  any  point  in  the  other,  since  their  linear  velocities 
vary  directly  as  their  virtual  radii,  as  in  Fig.  4. 


Pig.  5. — To  Show  that  Relative  Vblocities  aeb  not  Affected  by 
THE  Shape  of  the  Babs. 


In  the  four-bar  mechanism  shown,  let  the  bar  a  be  fixed.     To 
find  the  relative  velocities  of  the  points  2,  3,  5,  and  6,  we  have — 


Similarly, 


and 


velocity  of  2 
velocity  of  3  ' 

o„„. 

~Oca. 

..2 
..3  " 

R, 
=  R3- 

velocity  of  2 
velocity  of  5 

Oca- 
-Oca. 

..  2 
..5  " 

R. 

=  ^5' 

velocity  of  5 
velocity  of  6  ' 

-r; 

• 

Thus,  the  relative  velocities  are  not  affected  in  the  slightest 
degree  by  the  shape  of  the  bars. 

Suppose  we  wish  to^^nd  the  velocity  of  the  point  7  on  the  bar 
b,  relatively  to  the  point  8  on  the  bar  c  in  Fig.  5. 
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Denoting  all  radii  from  the  virtual  centre  Ojo  as  r^,  r^,  Ac., 
and  from  Oca  a^  Eyj  ^g,  &c. 

Telocity  of  7      r^  velocity  of  3      B2 

Velocity  oi2~  r^'  velocity  of  8  ~  Rg' 

Velocity  of  7      r^  x  velocity  of  2  x  Rj      r^  x  E^ 
Velocity  of  8  ~  rj  x  velocity  of  2  x  Rg  ~  r-j  x  Rg" 

It  is  often  more  convenient  to  arrive  at  the  above  result  by  a 
graphical  construction,  since  it  involves  less  measurement  and 
no  arithmetical  multiplication.  Thus,  from  the  point  7  set  off  a 
line  7  e  to  a  convenient  scale  in  any  direction  to  represent  the 
velocity  of  point  7.  From  Ojo  draw  a  line  through  e,  and  from 
2  draw  a  line  2/ parallel  to  7  e ;  the  length  of  this  line  will  then 
represent  the  velocity  of  the  point  2  to  the  same  scale  as  the 
length  of  line  7  e  represents  the  velocity  of  point  7,  for  the  two 
triangles  Ojo .  f.  2  and  Oja .  e .  7  are  similar ;  therefore — 

2/_  Oi,g.2  _  »2  _  velocity  of  2 
7  e      Oba  •  7       r^       velocity  of  7 
Join  On,  to  /.     From  the  centre  Oca  and  radius  Rg,  set  off 
Ocag  =  Rg'  *°d  draw  gh  parallel  to  2 ./;  then  gh  =  Vg,  for  the 
two  triangles  Ocahg  and  Oca/2  are  similar;  therefore — 

gh  _  Oca ■  g      Rs      velocity  of  8 
2/  ~  Oca.  2  "^  ^  ^  velocity  of  2' 
velocity  of  7  _  7e       2/  _  7e 
'      velocity  of  8       2f     gh      gh 
The  same  graphical  process  can  be  readily  applied  to  all  cases 
of  velocities  in  mechanisms. 

Relative  Angular  Velocities ^There  is  no  greater  difficulty 

in  solving  problems  connected  with  relative  angular  velocities, 
than  we  have  experienced  in  connection  with  relative  linear 
velocities.  Since  all  points  in  a  rotating  bar  or  two  points  of 
different  bodies  having  the  same  radius  and  equal  linear  veloci- 
ties, have  the  same  equal  angular  velocity  at  each  instant; 
therefore  the  angular  velocities  of  any  two  bodies  having  plane 
motion  are  proportional  directly  to  the  linear  velocities  of  any 
two  of  their  points  having  the  same  radius,  and  inversely  to  the 
radii  of  any  two  of  their  points  having  the  same  linear  velocity. 

^''STora  rofatfn*^  =  linear  velocity  of  the  point 

hodv  or  link  f      radius  of  point  from  permanent  centre 

2  '!rrn       V 
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By  aid  of  the  above  relations  we  can  find  the  angular  velocity 
of  any  link  m  a  mechanism,  having  given  that  of  any  other  link, 
or  to  find  the  relative  angular  velocity  of  any  two  links.  Let  us 
take  the  four-bar  mechanism  in  Fig.  6,  and  compare  the  angular 
velocities  of  the  bars  5,  c,  and  d  relatively  to  a,  if  the  angular 
velocity  of  h  relatively  to  a  is  given.  When  comparing  the 
angular  velocities,  of  links  h  and  c  relatively  to  a,  they  have  a 
common  point  Oje,  which  has  the  same  linear  velocity  relatively 

Let  the  linear  velocity  of  B  or  Oj,,  when  regarded  as  a  point 
on  the  bar  C  =  V„,  and  its  radius  about  O^a  =  R„. 

Let  the  linear  velocity  of  B  or  Ojo  when  regarded  as  a  point 
on  the  bar  A  B  =  Vj,  and  its  radius  about  Ojc  =  rj. 


Pro.  6. — Relative  Angular  Velocitibs. 

Then  Vj  =  Vc,  since  we  are  considering  the  linear  velocity  of 
the  same  point — 
i.e.,  oniTb  =  oji.'&c, 

Q  ^  =  ^  =  Octt-  B 

'  Wc  Tb        Oah  ■  B 

This  may  be  easily  obtained  by  graphical  construction,  thus : — ■ 
Set  off  a  line  B  E  in  any  direction  from  B,  whose  length  on 
some  scale  is  equal  to  oif,.  Join  Oca-  E;  from  0„j,  draw  OajF 
paj-allel  to  0^  E.  Then  B  F  =  Wc,  because  the  two  triangles 
B .  F .  OfflS  and  B .  E .  0,a  are  similar. 

„  BE       0<»B       4,6 

H^ce,  _=^_^=--. 
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plying  the  given  velocity  of  the  point  A  by  the  ratio  between 

, ,  .       ,      virtual  radius  I B       V^ 

tnem — i.e.,  by ^ ^. =^—  =  -==-,   &c. 

•'  virtual  radius  I A       V^ 

Vb  =  ^A  't^  =  ^a'^  =  4  X  T-5  =  5-75 feetpersecond. 
1 A  14^  i  "b 

(ii.)  The  velocity  of  the  point  D  midway  between  A  and  B, 
VD  =  VA.^  =  Vi-|5  =  4x^  =  3-25  feet  per  second. 

-L  A.  -"A  ' 

(iii.)  The  velocity  of  any  other  point  on  the  body,  such  as  the 

point  C,  may  be  found  from  the  method  under  consideration,  by 

drawing  the  virtual  radius  I  C,  and  finding  the  value  of  the 

I  C 
ratio  =r-T  as  indicated  above. 
lA 

TO  T?  ^-94- 

.-.      V„  =  "^A  ■  rx  =  ^A  -^  =  4  X  fl^  =  7-35  feet  per  second. 

1 A  ixj^  1  '0 

Example  II. — A  B  is  a  link,  3  inches  long,  rotating  in  a  verti- 
cal plane  about  A  as  centre.  C  B  is  a  second  link,  15  inches  long, 
pivoted  to  the  first  at  B.  The  end  C  moves  to  and  fro  along  the 
horizontal  line  through  A.  Find  (i.)  the  instantaneous  centre  of 
motion  of  CB  when  the  angle  CAB  is  30°,  (ii.)  the  relative 
velocities  of  C  and  B  in  that  position.  Hence  show  clearly  how 
to  plot  a  curve  of  velocities  for  C.    (I.C.E.,  Feb.,  1907.) 

Answer. — CAB,  in  Fig.  9,  is  the  mechanism  drawn  to 
scale,  where  A  B  is  the  short  3-inch  link  rotating  in  a  vertical 
plane. 

It  will  be  seen  from  the  diagram,  that  it  represents  a  very 
familiar  case  and  one  of  frequent  occurrence,  since  it  resolves 
itself  into  finding  the  velocity  with  which  the  piston  of  an 
ordinary  direct-acting  engine  is  moving  comparatively  to  the 
velocity  of  the  crank-pin. 

(i.)  The  Instantaneous  Centre  of  Motion. — It  has  been  shown, 
that  the  motion  at  any  instant  of  a  rigid  body  in  a  plane,  can 
be  expressed  as  a  motion  of  rotation  about  an  axis  at  right 
angles  to  the  plane  of  the  motion.  This  axis  being  called  the 
instantaneous  aods  of  rotation,  and  the  point  of  intersection  of 
the  instantaneous  axis  with  the  plane  is  termed  the  instantaneous 
centre. 

The  connecting-rod  C  B  being  considered  rigid,  the  two  points 
C  and  B  are,  at  the  instant  under  consideration,  each  rotating 
about  the  instantameous  centre  of  rotation  of  the  connecting-rod. 
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But  the  motion  of  B  is,  at  the  instant,  in  a  direction  at  right 
angles  to  AB.  The  point  B  may,  therefore,  be  considered  to 
rotate  about  any  point  in  A  B,  or  A  B  produced,  since  all  circles 
drawn  through  B,  and  having  their  centres  on  AB,  or  AB 
produced,  will  have  the  same  tangent  at  B.  Similai'ly,  the  poinb 
C  moving  at  the  instant  in  the  direction  C  A,  may  be  considered 
to  rotate  about  any  point  on  the  line  C  I,  drawn  through  0  at 
right  angles  to  0  A.  Thus,  if  both  C  and  B  are  at  the  instant 
rotating  about  the  same  point,  that  point  must  be  I,  the  point  of 
intersection  of  AB  and  CI.  The  point  I  is  therefore  the 
instantaneous  centre  of  rotation  of  the  connecting-rod.      From 


/  c 


Fig.  9. — To  Find  the  Instantaneous  Centre  and  Relative  Velocity 
as  Piston  to  Crank- Pin. 

previous  illustrations,  &c.,  it  will  be  perfectly  clear  that  the 
instantaneous  centre  changes  its  position  from  instant  to  instant 
as  the  crank  A  B  revolves. 

(ii.)  The  Belative  Velocities  of  B  and  C. — Let  Vp  and  Vp 
respectively  be  the  linear  velocities  of  the  crank -pin  B  and 
piston  or  crosshead  at  0,  at  the  instant.  Then,  since  B  and  C 
are  points  on  the  same  rigid  body  rotating  about  I,  their  linear 
velocities  are  proportional  to  their  radii  from  the  centre  of 
rotation. 

Speed  of  piston  _  Vp  _  I  C 

Speed  of  crank  "  Vc  ~  IB*  *         '     ^^' 

In  some  positions  of  the  crank-pin  the  point  I  will  move  off 
the  paper,  so  that  the  relation  in  Eq.  (1)  cannot  always  be  used. 
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Draw  A  E  at  right  angles  to  the  line  of  stroke  C  A,  and  leb  the 
connecting-rod  (produced  if  necessary)  cut  AE  at  D.  Then, 
evidently,  the  triangles  I B  C  and  A  B  D  are  similar,  and  the 
lengths  of  their  corresponding  sides  are  proportional. 

That  is, 


C      AD        ^  Vp 

AD 

B  -  A  B'  ^'^  Vo  " 

AB 

• 

•         .     (2) 

(iii.)  To  Plot  a  Curve  of  Velocities  for  the  Point  G. — If  the 
speed  of  the  crank-pin  Yq  is  constant,  and  since  A  B  is  of  constant 
length,  we  get  from  Eq.  (2)  that  the  velocity  of  the  piston  or 
crosshead  is  proportional  to  the  intercept  A  D.  Therefore,  if  the 
length  of  the  crank  represents  the  uniform  velocity  of  the  crank- 
pin,  then  the  length  of  the  intercept  A  D,  measured  to  the  same 
scale,  represents  the  velocity  of  the  piston  or  crosshead  C 

Example  III. — Show  that  in  an  ordinary  reciprocating  engine 
the  acceleration  pressure  p  when  the  crank  has  passed  through 
an  angle  6  from  the  dead  centre  is 

wV/       ,      cos2tf\  .      ^  , 

p  =  — s-(  cos  9  +  1  approximately. 

Where  V  =  linear  velocity  of  the  crank-pin. 

n  =  ratio  of  length  of  connecting-rod  to  crank. 

R  =  radius  of  crank. 

w  =  weight  of  reciprocating  parts  per  square  inch  of 

piston. 
p  =  acceleration  pressure  per  square  inch  of  piston. 

(I.C.E.,  Oct.,  1908.) 

Answer. — Ir  many  problems  connected  with  the  dynamics  of 
the  steam  engiii..,  it  is  necessary  to  obtain  an  analytical  expression 
for  the  acceleration  of  the  piston  in  terms  of  the  crank  angle, 
which,  although  not  mathematically  exact,  is  sufficiently  near  the 
true  value  for  all  practical  purposes. 

Let  the  mechanism  for  an  ordinary  reciprocating  engine  be 
as  shown  by  Fig.  10,  and  let  the  crank  angle  6  be  measured 
from  the  inner  dead  centre.  The  displacement  of  the  piston 
from  the  point  of  mid-stroke  is  E  A  (where  C^  E  is  made  equal 
to  C2  Bj),  or,  the  displacement  of  the  piston  from  the  back  end 
of  the  cylinder  is  Bj  E  =  x.  If  the  obliquity  of  the  connecting- 
rod  be  neglected,  the  displacement  would  be  B^^  F.  Hence,  the 
actual  displacement  may  be  assumed  as  made  up  of  two  parts : — 
(i.)  The  primary  displacement,  B^F,  due  to  the  motion  of  the 
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crank ;  and  (ii.)  the  secondary  displacement,  F  E,  due  to  the 
obliquity  of  the  connecting-rod. 

In  (i.)  the  primary  displacement  is  equal  to 

BiP  =  ABj  -  AP  =  (R  -  Rcos^)  =  R(l  -  cos^).     .     .(1) 

And,  in  (ii.),  the  secondary  displacement  is  equal  to 

FE=-=^4|^?^i=.     .    .     .   (Eudid,  Book  lY.,Viop.  13.) 

.  -p„      (FB,Y      (RsinSy      Rsin^^  ,„. 


C2    c, 


Fig.  10. — Acceleration  Pbessttre  per  Sq.  In.  op  Piston  in  Terms 
OF  Crank  Angle. 


where  R  and  I  are  the  respective  lengths  of  the  crank  radius  and 
connecting-rod,  and  w  =  .g. 

Therefore  the  total  displacement  of  the  piston  Bj  E  is  given 
approximately  by  the  expression— 

X  =  BiF-i-FB  =  R(l-cos^)  +  ?^|^^. 

a;  =  Ri(l-cos«)-h^^^l (3) 

The   velocity   of  the    piston    or   crosshead   is   given   by   the 

expression — 

dx  ^/  .     .     sin2^\     .  d  6 

■u  =  ^-  =  w  R  sin  ^  +  —X —  ,  since  a  =  -j-.  .     (4) 
dt  \  2n  /  at        ^  ' 
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Lbctuee  v. — A.M. Inst. C.E.  and  B.Sc.  Exam.  Qwbstions. 

1.  To  two  parallel  shafts,  A  and  B,  are  keyed  two  crank  arms,  AC  and 
B  B,  and  their  extremities  are  connected  by  a  coupling-rod  C  D,  so  that 
the  mechanism  forms  a  four-bar  chain.  Show  that  the  angular  velocity- 
ratio  transmitted  between.the  shafts  is,  at  any  instant,  inversely  propor- 
tional to  the  segments  into  which  the  coupling-rod  C  D  divides  the  line  of 
centres  A  B.  (I.C.E.,  Fel.,  1905.) 

2.  The  cranks  of  a  four-bar  chain  are  1  foot  and  2  feet  radius  respec- 
tively, the  coupling-rod  is  2  feet  8  inches  long,  and  the  fixed  bearings  of  the 
cranks  are  4  feet  apart.  The  longer  crank,  turning  with  uniform  angular 
velocity,  makes  60  revolutions  per  minute.  Find  graphically  (i. )  the  linear 
velocity  of  the  crank -pin  of  the  smaller  crank  ;  (ii.)  the  linear  velocity  of 
the  crank-pin  of  the  smaller  crank  relative  to  the  velocity  of  the  other 
crank-pin;  (iii.)  the  angular  velocity  of  the  coupling-rod;  for  the  con- 
figuration of  the  gear  where  the  coupling-rod  subtends  an  angle  of  60° 
between  the  longer  crank  and  the  centre  line  joining  the  fixed  bearings, 
and  the  coupling-rod  produced  cuts  the  centre  line  produced  externally. 

(I.O.E.,  Feb.,  1907.) 

3.  In  a  four-bar  chain  one  of  the  cranks  revolves  at  a  uniform  angular 
velocity.  Show  how  the  angular  velocity  and  acceleration  of  the  second 
crank  may  be  graphically  determined  in  any  position. 

(B.Sc,  London,  Jidy,  1907.) 

4.  The  links  of  a  quadrio  chain  are,  in  sequence,  a,  b,  c,  and  d,  b  being 
the  fixed  link.  Plot  the  links  according  to  the  following  dimensions : — 
a  =  I'O  inch,  b  =  5'4  inches,  c  =  2'0  inches,  d  =  5"0  inches.  Find  a  suf- 
ficient number  of  positions  of  the  virtual  centre  of  link  d  to  be  able  to 
sketch  approximately  the  path  of  the  virtual  centre.  What  will  be  the 
motion  of  c  whilst  a  is  making  a  complete  revolution?   (I.C.E.,  Feb.,  1908.) 

5.  If  in  a  four-link  mechanism  link  a  is  2  feet  long,  b  the  fixed  link 
4  feet,  c  1^  foot  and  d  3  feet,  sketch  the  mechanism  to  scale,  and  show 
what  will  be  the  path  of  the  join  of  a  and  d  while  c  rotates.  Also  find 
graphically  the  path  of  the  virtual  centre  between  b  and  d. 

(I.C.E.,  Oct.,  1908.) 
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Contents. — Hooke's  Coupling  or  Universal  Joint — Double  Hooke's  Joint 
— Aggregate  Motion — Examples  I.  and  II. — Epicyclic  Trains  of 
Wheels — Epicyclic  Train  for  Drawing  Ellipses — Examples  III.  and 
IV. — Sun  and  Planet  Wheels — Sun  and  Planet  Cycle  Gear — Cams — 
Heart  Wheel  or  Heart-shaped  Cam — Cam  for  Intermittent  Motion 
— Quick  Return  Cam — Cam  with  Groove  on  Face — Cylindrical  Grooved 
Cam — Example  V.  —  Pawl  and  Ratchet  Wheel — La  Garousse's  Double- 
acting  Pawl-^Reversible  Pawl — Masked  Ratchet — Silent  Peed — 
Counting  Wheels — Geneva  Stop — Counting  Machine — Watt's  Parallel 
Motion — Parallel  Motion — Questions. 

In  this  Lecture  we  shall  examine  a  few  more  of  the  many  devices 
for  transmitting  circular  motion  and  for  converting  it  into 
rectilinear  motion,  or  vice  versd,  together  with  other  miscellaneous 
mechanisms. 

Hooke's  Coupling  or  Universal  Joint. — This  is  a  contrivance 
sometimes  used  for  connecting  two  intersecting  shafts.     Each  of 

P,   the   shafts  ends  in  a  fork,  Fj,  Fg, 
Fi       /^^    which  embraces  two   arms  of  the 
'  '  crosspiece,  O.      The  four  arms  of 

this  cross  are  of  equal  length.  As 
Cj  rotates,  Fj  and  Fg  describe 
circles  in  planes  perpendicular  to 
their  respective  axes.  Since  these 
planes  are  inclined  to  each  other 
the  angular  velocity  of  Cg  at  any 
instant  is  different  from  that  of  Oj, 
but  the  mean  angular  velocities  are 
equal  to  one  another,  because  at  one  instant  Cg  goes  faster  than  C^, 
and  at  another  slower.  This  joint  will  not  work  when  the  two 
shafts  are  inclined  at  90°,  or  any  smaller  angle,  to  each  other. 

Double  Hooke's  Joint. — The  variable  velocity  ratio  obtained  with 
a  Hooke's  joint  may  be  obviated  by  the  use  of  two  joints  instead 
of  one.  The  forks  are  connected  by  an  intermediate  link,  Cg, 
which  must  be  carried  on  corresponding  arms  of  the  two  crosses, 
as  shown  in  the  next  figure.  If  the  intermediate  shaft  be  equally 
inclined  to  the  other  two  shafts,  the  irregularities  caused  in  the 
motion  by  its  transmission  through  the  first  coupling  are  exactly 
neutralised  by  the  equal  and  opposite  ones  caused  by  the  second 
joint.     The  first  and  third  shafts,  therefore,  revolve  with  the  same 


Hooke's  Joint. 
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velocity  at  every  instant.  The  double  joint  works  equally  well 
whether  the  two  extreme  axes  are  inclined  as  shown  in  the 
figure,  or  are  parallel  to  each 
other  but  not  in  line. 

Both  the  single  and  double 
Hooke's  joint  are,  as  a  rule,  used 
only  for  light  work,  such  as  for 
astronomical  instruments.*' 

Aggregate  Motion.— The  motion  ^ottble  Hooke  s  Joint. 

of  a  piece  of  machinery  is  not  always  a  simple  one,  but  is  very 
often  the  resultant  or  aggregate  of  several  independent  motions 
impressed  upon  it  simultaneously. 

Thus,  the  motion  of  a  screw  working  in  a  fijced  nut  is  the 
aggregate  of  the  circular  motion  of  the  cylinder  and  the  axial 
motion  caused  by  the  thread.  These  two  together,  give  a  helical 
motion  to  any  point  on  the  screw.  Weston's  differential  pulley 
block,  which  the  student  has  already  studied,  forms  a  very  good 
example  of  aggregate  motion.  Here,  the  actual  motion  of  the 
load  is  the  resultant  of  two  opposite  and  nearly  equal  motions 
imparted  by  the  two  parts  of  the  chain  supporting  it. 

In  some  printing  machines,  the  following  arrangement  is  adopted 
m  order  to  double  the  horizontal  motion  obtained  from  a  crank 
and  connecting-rod.  The  end  of  the  connecting-rod  carries  a 
pinion  which  runs  between  two  racks.  One  of  these  racks  moves 
horizontally  between  guides  while  the  other  is  fixed.  The  motion 
of  the  movable  rack  is  composed  of  that  of  the  connecting-rod  end 
plus  that  due  to  the  rotation  of  the  pinion.  Sometimes,  as  in 
Example  II.,  two  wheels  of  different  sizes  are  keyed  togettier  on 
the  connecting-rod  end,  one  gearing  with  a  fixed  rack  and  the 
other  with  a  movable  one.  In  this  way  the  travel  of  the  rack 
may  be  made  greater,  or  less,  than  the  diameter  of  the  crank-pin 
circle  in  any  desired  proportion.  In  all  these  cases,  where  the 
several  impressed  mo- 
tions are  in  parallel 
directions,  the  resul- 
tant is  simply  their 
algebraic  sum.  fi  ft.  per  second 

Example  I.- — -A 
toothed  wheel  runs  in 
gear  with  two  parallel 
racks,   one  above  and  Pinion  Driven  by  Two  Racks. 

the  other  below  it,  the 
wheel  being  free  to  run  between  the  racks.     If  the  upper  rack 

*  Recent  applications  of  this  device  are  found  in  the  steering  gear  for 
the  Admiralty  torpedo-boat  destroyers,  and  the  Jamieson-M'Whirter 
Mechanical  "  Speed  Indicating  Apparatus "  for  Eledtric  Tramway  Cars, 
&c.  (Patent  3,696  of  13th  February,  1902). 
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has  a  velocity  of  2  feet  per  second  in  one  direction,  and  the  lower 
rack  a  velocity  of  3  feet  per  second  in  the  opposite  direction,  what 
is  the  velocity  of  the  centre  of  the  wheel?    (S.  &  A.  Exam.,  1887.) 

Answer. — When  a  wheel  rolls  along  a  road  with  a  velocity,  v, 
it  is  clear,  that  the  point  on  the  rim  which  is  at  any  instant  touch- 
ing the  ground  is  for  the  moment  at  rest,  while  the  point  on  the 
rim  vertically  over  the  centre  will  be  moving  with  a  velocity  twice 
that  of  the  centre  of  the  wheel ;  that  is,  its  velocity  will  be  2  v. 

Now,  suppose  the  lower  rack  fixed.  Then,  from  what  has  been 
said,  it  is  evident  that  the  wheel  will  run  between  the  racks  with 
a  velocity  equal  to  half  the  velocity  of  the  upper  rack.  That  is, 
the  wheel  will  be  moving  to  the  right  with  a  velocity  of  1  foot  per 
second. 

In  the  same  way,  if  we  suppose  the  upper  rack  fixed  the  wheel 
will  move  to  the  left  with  a  velocity  of  1|  feet  per  second. 

When  both  racks  move,  as  shown,  then  the  wheel  will  have 
a  velocity  equal  to  half  the  difference  of  their  velocities ;  that  is, 
the  velocity  of  the  wheel  will  be  =  1|^  —  1  =  ^  foot  per  second, 
and  in  the  same  direction  as  the  lower  rack. 

Example  II. — A  crank,  12  inches  long,  is  attached  by  a  con- 
necting-rod to  the  axis  of  a  spur  wheel  24  inches  in  diameter, 
which  runs  upon  a  Jixed  horizontal  rack.     On  the  axis  of  the  spur 


Afouable  Rack 

Rack  DKrvBN  by  a  Cbank  and  Movable  Pinion. 

wheel,  and  locked  to  it,  is  a  second  spur  wheel,  32  inches  in 
diameter,  which  gears  with  a,  free  horizontal  rack  sliding  in  guides. 
Find  the  travel  of  the  rack  in  inches  for  each  revolution  of  the 
crank.     (S.  and  A.  Exam.,  1890.) 

Answer. — There  are  two  answers  to  this  question,  according  as 
we  consider  the  two  racks  (the  fixed  and  movable  racks)  to  be  on 
the  same,  or  on  the  opposite,  sides  of  the  axis  of  the  spur  wheels. 
In  either  case,  the  motion  of  the  movable  rack  is  made  up  of  two 
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motions — one  due  to  the  motion  of  the  axis  of  the  wheels,  and  the 
other  due  to  the  circular  motion  of  the  wheels  about  their  commoa 
axis.  Suppose  the  crank  to  make  one-half  turn  from  the  inside 
dead  point  to  the  outside  dead  point  in  the  direction  shown  by  the 
arrow.  Then,  evidently,  the  axis  of  the  wheels  will  be  moved 
towards  the  left  by  an  amount  equal  to  twice  the  length  of  the 
crank  =2  x  12  =  24  inches.  Also,  any  tooth  on  the  smaller 
wheel  will  turn  through  an  arc  of  the  circumference  equal  to 
24  inches.     Any  tooth  on  the  larger  wheel  will  turn  through  an 

arc  of  its  pitch  circle  equal  to  r-jr  !<■  24  =  32  inches.    Hence,  the 

exact  motion  of  the  movable  rack  consists  of  a  motion  of  24  inches 
along  with  the  axis  of.  the  wheels,  and  another  of  32  inches  due  to 
the  turning  of  the  wheels  about  their  common  axis. 

First,  suppose  the  racks  to  be  on  opposite  sides  of  the  axis. 
Then,  from  an  inspection  of  the  figure,  it  is  clear  that  the  motion 
of  the  movable  rack  will  be  the  sum  of  these  two  separate 
motions. 

.•.    Motion  of  movable  rack  per  )         .,.        no       aa  ■     t. 

T_  ,„  ,  r         1  }■  =  24  +  32  =  56  inches, 

halt  turn  oi  crank  J 

During  the  other  semi-revolution,  the  rack  moves  back  the  same 
distance — i.e.,  it  moves  112  inches  in  all. 

Secondly,  when  the  racks  are  on  the  same  side  of  the  axis,  it  is 
equally  clear  that  the  motion  will  be  equal  to  the  difference  of  the 
two  separate  motions. 

.•.    Motion  of  movable  rack  per  1        „,       „„  o-     i 

i,,j.,  r         ^  >  =  Zi  -  32  =  -  o  inches, 

halt  turn  oi  crank  j 

This  shows  that  the  rack  moves  in  the  opposite  direction  to 
the  axis.  The  whole  motion  in  this  case  per  revolution  of  the 
crank  is  8  inches  each  way  or  16  inches  in  all.  In  this  latter 
case  it  is  evident  that  the  axis  of  the  wheels  must  be  guided 
horizontally  in  order  to  keep  them  in  gear  with  the  racks. 

Epicyclic  (Trains  of  Wheels. — We  sometimes  find  that  the  axes 
of  some  of  the  wheels  in  a  train  are  not  fixed,  but  rotate  around 
another  axis.  Such  trains  are  called  Epicyclic  Trains.*  The 
movable  axes  are  fixed  to  an  arm,  called  the  Train  Arm,  which 
rotates  about  that  axis.  Epicyclic  trains  are  used  in  those 
machines  where  some  motion  is  requii'ed  which  it  would  be 
difficult,  or  inconvenient,  to  obtain  with  an  ordinary  train.  For 
instance,  they  are  used  in  the  "  Cordelier,"  or  rope  making 
machine,  in  order  to  twist  the  fibres  of  the  strands  in  one 
direction  while  the  strands  themselves  are  being  twisted  together 
*  See  Greek  derivation  of  Epicyclic  in  footnote  on  p.  184,  Vol.  I. 
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in  the  opposite  direction.  If  this  were  not  done  the  fibres  would 
be  getting  untwisted  while  the  strands  were  being  twisted,  and. 
a  useless  rope  would  result.  By  putting  a  little  extra  twist  on 
the  fibres,  the  rope  will  be  hard  and  firm  and  will  not  tend  to 
untwist. 

The  student  has  already  studied  an  application  of  the  epicyclic 
train  in  Lect.  VIII.,  Vol.  I. — viz.,  the  Rotatory  Dynamometer. 
In  this  case  the  train  is  one  of  bevel  and  not  of  spur  wheels  as 
in  the  other  examples  we  will  consider  here. 

The  motion  of  any  wheel  in  an  epicyclic  train  is  an  aggi-egate 
motion ;  for,  the  wheel  has  a  certain  angular  velocity  due  to  its 
rotating  about  its  own  axis,  and  another  caused  by  the  rotation 
of  that  axis  along  with  the  train  arm.  In  this  case  also,  the 
resultant  motion  is  the  algebraic  sum  of  the  several  parts. 

Let,  Nj,  =  Number  of  revolutions  of  driver  in  unit  time  rela- 
tive to  some  fixed  point 

„  Np  =  Number  of  revolutions  of  follower  in  the  same  time 
relative  to  the  same  fixed  point. 

„  Na  =  Number  of  revolutions  of  the  arm  in  the  same  time 
relative  to  the  same  fixed  point. 

(Number  of  revolutions  of 
follower  in  a  given  time 
relative  to  the  arm. 
Number  of  revolutions  oi 
driver  in  the  same  time 
relative  to  the  arm. 

Care  must  be  taken  to  give  e  its  proper  sign ;  for,  e  is  negative 
if  the  driver  and  follower  rotate  in  opposite  directions  relative  to 
the  arm,  and  positive  if  in  the  same  direction. 

Now,  since  the  driver  rotates  Nd  times  in  unit  time  and  the 
train  arm  N^  times,  their  relative  motion  will  be  (Nj,  -  N^)  turns. 
Similarly  the  number  of  revolutions  of  the  follower  relative  to  the 
arm  will  be  (Np  -  NJ. 

N,  -N^ 


e  = 


Nn-N^ 


(I) 


It  should  be  noted  that  if  the  driver  and  follower  rotate  in 
opposite  directions,  one  of  them  must  be  considered  the  positive, 
and  the  other  the  negative,  direction. 

"Epicyclic  Train  for  Drawing  Ellipses. — The  figure  shows  the 
wheel  work  of  an  instrument  for  tracing  ellipses  by  means  of 
rolling  circles.     Suppose  the  circle  A  0  I  to  roll  inside  a  circular 
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arc,  D  I,  of  twice  its  radius.  Then,  as  is  proved  in  Lecture 
XI.  in  connection  with  the  hypocycloid,  the  point,  I,  will  move 
along  the  straight  line  I A  (A  being  the  centre  of  the  arc,  D  I), 
and  it  is  manifest  that  B  (the  centre  of  A  0  I)  will  describe  a  circle 
round    A.      Any    other 

point  in  B  I,  or  B I  pro-  '\ 

dueed,    must,     therefore,  \^ 

trace  out  an  ellipse.     It  Xj, 

is  inconvenient  in  prao-  --——.  \ 

tice    to    roll    the   circle,  ,-'"''  "'--,    \ 

A  C  I,  inside  D  I,  and 
the  same  result  may  be 
obtained  by  aid  of  an 
epicyclic  train.  Let  A 
be  a  wheel  fixed  at 
the  centre  of  the  arc, 
D  I,  and  B  another,  of 
half  its  size,  concentric 
with  the  rolling  circle, 
A  C  I.  These  are  con- 
nected by  the  train  arm, 
A  B,  which  rotates  about 

A,  and  an  idle  wheel,  E. 
B  I  is  a  tracing  arm, 
rigidly  fixed  to  the  wheel, 

B.  Let  the  train  arm, 
AB,  now  rotate.      A,  the    driver,  does   not  rotate;   therefore, 

Nb  =  0,  and  e  =  — -  =  2. 


Epicyclic  Teain  fob  Teacimg  Ellipses. 


Then,  from  equation  (I)  we  get : — 


N, 


N. 


N„-N^ 


2  = 


0  -  N^' 


Np=  - 


Or,  the  tracing  arm,  B  I,  and  train  arm,  A  B,  rotate  in  opposite 
directions  with  equal  velocities.  This  is  obviously  the  same  as  if 
the  tracing  arm  were  a  radius  of  the  imaginaty  rolling  circle, 
A  C  I,  roUing  inside  the  arc,  D  I.  We  can  thus  see  that  if  we  put 
a  tracing  point  on  B  I,  it  will  trace  out  an  ellipse. 

Example  III. — An  epicyclic  train  consists  of  three  wheels.  A, 
B,  0,  taken  in  order,  and  in  gear  with  each  other.  The  first 
wheel.  A,  has  75  teeth,  B  has  60  teeth,  0  has  45  teeth ;  also,  the 
driver,  A,  rotates  three  times  in  a  minute,  and  the  arm  rotates  four 
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times  in  a  minute,  and  in  the  opposite  direction.     How  many 
rotations  do  B  and  C  make  respectively  per  minute  1 

Answer. — The  arrangement  is  shown  diagram matically  in  the 
above  figure. 

(1)  To  find  the  motion  of  B. — Here,  using  the  same  notation 
as  in  the  text,  -we  have  : — 


Epicyclio  Train  of  Wheels. 


From  equation  (I)  we  get : — 

_  N^.  -  N^  .        5  _  N^,  +  4 

*i      N„  -  N^'        •  •      4  -   TTIT' 

.That  is,  the  follower,  B,  rotates  12|  times  per  minute,  and  in 
the  opposite  direction  to  the  driver,  A. 

75       60  _  5 
60  '^  45  ~  3' 


(2)  To  find  the  motion  ofC. — In  this  case,  «2  =  ^  x  j^ 


As  before. 


N. 


N,, 

-N^        . 

5 

N^.  +  4 

N„ 

-  i^a'       • 

•  3  " 

3  +  4  ' 

35 
3 

-  4  =  7f . 

Whence,  0  turns   7|  times   per   minute,  in    the   same  direction 
as  A. 

These  results  may  be  arrived  at  otherwise  as  follows  : — Suppose 
the  wheels  and  arm  rigidly  connected,  so  as  to  move  as  one  piece ; 
then,  let  the  arm  tuin  for  one  minute,  so  as  to  receive  its  four 
negative  turns;   each  of  the  wheels  will  then  also  receive  four 
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negative  turns.     Now,  suppose  the  arm  to  be  fixed,  and  let  the 

wheel,  A,  receive  seven  positive  turns,  so  as  to  cancel  the  four 

negative  turns  already  given,  and  leave  the  nett  motion  of  three 

positive  turns,  as  required  by  the  question. 

75 
The  efiect  on  B  will  be  to  give  it  7  x  rTT  =  8f  negative  turns, 


60 


and  on  C  to  give  it  7  x 


11§  positive  turns;  hence,  the 


75       60  _ 

60  '^  45  ~  ^'3 

total  motion  of  B  in  one  minute  will  be  -  4  —  8|  =  12f  negative 
turns,  and  of  C,  -  4  +  llf  =  7f  positive  turns. 

Example  IV.^What  is  an  epicyclic  train  of  wheels?  Two 
spur  wheels,  A  and  B,  whose  diameters  are  2  and  3  respectively, 
are  in  gear  with  an  an- 
nular wheel,  C,  whose 
diameter  is  8.  The 
wheels  A  and  0  have  a 
common  axis,  but  B  is 
carried  by  an  arm  centred 
on  the  axis  of  A.  If 
A  make  five  revolutions 
while  C  makes  one  re- 
volution, both  in  the 
same  direction,  find  the 
angle  described  by  the 
arm  during  this  time. 
(S.  &  A.  Exam.,  1888.) 

Answek. — An  epicyclic 
train  of  wheels  is  one  in 
which  the  axes  of  the 
wheels  are  not  fixed  in 
space,  but  are  attached  to  a  rotating  frame  or  bar,  in  such  a 
manner  that  the  whole  train  of  wheels  can  derive  motion  from  the 
rotation  of  the  bar. 

Using  the  same  letters  as  before,  and  calling  A  the  driver  and 


Epicyclic  Traiit  of  Wheels. 


0  the  follower,  we  have  ; 


-N„  =  ! 


Np  =  1 ;  and  i 


H-i- 


Then,  from  equation  (I),  e 


1  - 


5-  N; 
1|-  turns. 

That  is,  the  train  arm  has  made  1|-  turns  in  the  same  direction 
as  A  and  C. 
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Sun  and  Planet  Wheels. — This  device  was  invented  by  Watt  to 
convert  the  oscillatory  motion  of  the  beam  in  his  engines  into  the 
circular  motion  of  the  flywheel.  As  will  be  seen  from  the  first 
figure,  it  consists  of  a  wheel,  D,  rigidly  fixed  to  the  connecting 
rod,  D  B,  and  kept  in  gear  with  another  wheel,  C,  by  the  link, 
DEO.     The  wheel,  C,  is  keyed  to  the  flywheel  shaft.     As  the 

beam  oscillates  up  and 
down,  the  connecting-rod 
pulls  D  up  one  side  of  C, 
and  pushes  it  down  the 
other.  It  thereby  causes 
C  to  rotate,  and  with  it 
the  flywheel  and  shaft. 
The  student  will  easily 
see  that  the  wheels,  D 
and  C,  form  an  epicyclic 
train,  of  which  the  link, 
DEC,  is  the  train  arm. 
We  may,  therefore,  apply 
the  formula  already 
given  for  epicyclic  trains, 
to  find  how  often  the  fiy- 
wheel  revolves  for  each 
up  and  down  movement 
of  the  beam.  Doing  this, 
and  assuming  D  and  0  to  be 
of  the  same  size,  we  get: — 

Nd  =  Number  of  revolutions  of  the  driver,  D,  for  each  up  and 

down  movement  =  0. 
Nj.  =  Number  of  revolutions  of  the  follower,  C,  for  each  up  and 

down  movement. 
Njt  =  Number  of  revolutions  of  the  arm,  DEO,  for  each  up  and 

down  movement  =  1. 

e  =   -1. 

1       N,  -  1 
I.e.,  - 1  = 


Sun  asd  Planej'  Wheels. 


N    -  N 
From  equation  (I),       e  =  =^=2^ =^  , 

Or, 


0 


1  • 


Np  =  2. 


From  this  we  see,  when  the  wheels  are  equal,  that  the  flywheel 
goes  round  twice  while  the  connecting-rod  goes  once  up  and  down. 
If  the  wheel  D  be  twice  as  large  as  the  wheel  C,  we  would  find,  in 
the  same  way,  that  C  went  round  three  times  during  this  period. 
The  following  figure  shows  these  sun  and  planet  wheels  as  applied 
to  Watt's  double-acting  steam  engine.* 

*  See  Index  of  the  Author's  Text-Book  on  Steam  and  Steam  Engines. 
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Sun  and  Planet  Cycle  Gear. — The  illustration  on  next  page 
( which  has  been  kindly  supplied  by  the  makers  of  this  gear,  the 
"  Elliptic "  Cycle  Syndicate  of  Grantham)  shows  a  recent  inter- 
esting application  of  the  sun  and  planet  wheels.  Both  wheels  are 
elliptic  in  this  case,  and,  therefore,  give  a  variable  velooityrratio. 
By  means  of  this  gear,  the  pedals,  which  travel  in  an  elliptical 
path,  are  caused  to  move  at  a  uniform  speed.     The  velocity-ratio 


Watt's  DotrBLB-AoTiNG  Steam  Engine,  showing  Sun  and  Planbt 
Motion  (S.  &  P.M.)  and  Parallel  Motion  (P.M.). 

between  the  cranks  and  driving  wheel  has  a  double  variation  at 
each  revolution  of  the  cranks,  which  move  more  quickly  at  the 
top  and  bottom  positions.  The  quicker  movement  caused  by  the 
gearing  is  counteracted  by  the  quick  vertical  movement  of  the 
pedals,  due  to,  and  governed  by,  the  position  at  which  the  crank- 
pin  bearing  is  attached  to  the  pedal  bar.  The  result  is  a  regular 
and  uniform  movement  of  the  pedals  in  an  elliptical  pathj  the 
train  value  being  2  :  1, 
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It  is  claimed  by  the  inventor,  that  a  bicycle  having  an  elliptical 
pedal  path,  with  a  uniform  movement,  has  a  great  advantage  over 
a  circular  pedal  path,  as  the  pressure  can  be  applied  continuously, 
whilst  in  the  circular  path  nearly  one-quarter  of  the  travel  at  top 
and  bottom  is  horizontal,  and,  therefore,  not  in  an  efifective 
direction. 

The  shape  of  the  planet  wheel  governs  the  double  variation,  and, 
consequently,  must  always  be  an  ellipse,  but  the  sun  wheel  may  be 
made  eccentric,  and  with  half  the  number  of  teeth  of  the  elliptical 
wheel,  the  value  of  the  train  then  being  3  :  1. 


Habrison's  Elliptic  Cycle  GtEAr. 

Cams. — Cams  are  usually  of  the  form  of  discs  or  cylinders. 
They  rotate  about  an  axis,  and  give  a  reciprocating  motion  to  some 
point  in  a  rod  by  means  of  the  form  of  their  periphery  or  surface, 
or  by  grooves  in  their  surface. 

The  cam  generally  revolves  uniformly  round  its  axis,  whilst  the 
reciprocating  motion  may  be  of  any  nature,  depending  on  the  shape 
of  the  cam,  and  may  be  in  a  plane  inclin'ed  at  any  angle  to  the  axis 
of  rotation.  In  the  following  examples,  uniformity  of  rotation  is 
assumed  in  the  case  of  the  cam,  and  the  motion  of  the  reciprocating 
piece  takes  place  in  a  plane  perpendicular  to  the  axis. 
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Heart  Wheel  or  Heart-shaped  Cam.— Suppose  that  it  is  required 
to  give  a  uniform  reciprocating  motion  to  a  bar  moving  vertically 
between  guides,  and  in  a  line  passing  through,  0,  the  centre  of 
motion  of  the  cam  plate. 

Let  the  sliding  bar  be  at  its  lowest  position,  as  shown,  and  when 
in  its  highest  position  let  its  extremity  be  at  the  point  6.  The 
distance  thus  moved  is  called  the  travel  and  will  be  passed  over 
during  one-half  revolution  of  the  cam.  The  required  curved  outline 
may  be  obtained  in  the  following  manner: — With  centre,  C,  describe 
circles  passing  through  the  extreme  positions  of  the  end  of  the  rod. 
Divide  the  travel  into,  say,  six  equal  parts  at  the  points  1,  2,  3, 
(fee.  ,  Divide  the  semi-cir- 
cumference into  the  same 
number  of  equal  parts  by 
radial  lines  C  1',  0  2',  &c. 
Then  with  centre,  0,  draw 
the  concentric  arcs  1,  I'j 
2,  2';  (fee,  intersecting  these 
radii  in  the  points  1',  2',  3', 
&C.  The  dotted  line  drawn 
through  these  points  will  re- 
present the  required  curve. 

If  the  end  of  the  sliding 
bar  rests  on  this  curve  it  is 
clear,  that  for  equal  angles 
turned  through  by  the  cam, 
the  bar  will  move  outwards 
through  equal  distances, 
and  consequently,  will  have 
uniform  linear  motion  im- 
parted to  it.  The  return 
motion  will  evidently  be 
obtained  by  the  similar  and 
equal  curve  1",  2",  3",  &c., 
on  the  opposite  side  of  the  cam. 

A  cam  so  formed  would  impart  the  required  motion  to  a  point. 
If  the  end  of  the  sliding  bar  be  provided  with  a  roller  in  order  to 
diminish  the  friction,  then  the  shape  of  the  cam  must  be  altered  so 
that  the  centre  of  the  roller  shall  move  over  the  outline  of  the 
cam  as  traced  above.  To  accomplish  this  we  must  draw  a  curve 
inside  the  original  one  by  describing  small  arcs  with  centres  on 
the  original  curve  as  at  1',  2',  3',  &e.,  and  with  a  radius  equal  to 
that  of  the  roller,  and  then  by  drawing  a  smooth  curve  touching 
these  arcs,  as  shown  by  the  heavy  line  in  the  figure. 


Heart-shaped  Cam. 
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Cam  for  Intermittent  Motion Sometimes  the  motion  imparted 

by  a  cam  is  intermittent.  For  instance,  a  common  form  di  lever 
punching  machine  is  fitted  with  a  cam  which  gives  the  punch 
an  upward  movement,  then  a  period  of  rest,  and  finally  a  down- 
ward movement  during  each  revolution.  As  an  example  of  this, 
let  us  set  out  a  cam  to  impart  vertical  motion  to  a  bar,  so  that 
the  latter  shall  be  raised  uniformly  during  the  first  half  revolu- 
tion, remain  at  rest  during  the  next  one-sixth,  and  descend 
uniformly  during  the  remainder  of  the  revolution. 

As  before,  suppose  the  reciprocation  to  be  in  a  line  passing 
through,  C,  the  centre  of  motion  of  the  cam  plate.  Thenj  with 
centre,  C,  draw  circles  passing  through  the  extreme  positions  of 
the  end  of  the  bar.  Divide  the  circumference  into  three  parts 
corresponding  to  the  periods  of  one-half,  one-sixth,  and  one-third 


Cam  Giving  as  Interval  of  Rest. 


Cam  Giving  a  Quick  Retubn. 


revolution,  by  drawing  radial  lines  making  angles  of  180^,  60°, 
and  120°.  Since  the  motion  is  to  be  uniform,  divide  the  travel 
into  a  convenient  number  of  equal  parts,  say  twelve ;  and  the 
circumference  into  the  same  number  of  equal  parts  by  radial  lines. 
Draw  the  concentric  arcs  2,  2";  4,  4";  &c.,  and  3,  3';  6,  6';  &c., 
as  shown.  The  curves  through  the  points  so  determined  will  give 
the  required  motions.  The  interval  of  rest  will  evidently  be  given 
by  the  circular  portion  from  12"  to  12'.  The  complete  outline  is 
represented  by  the  heavy  line  iu  the  diagram. 

Quick  Eeturn  Cam The  student  will  readily  understand  from 

the  right-hand  figure,  that  if  two-thirds  of  a  revolution  be 
occupied  in  raising  the  motion  bar  and  the  remainder  in  lowering 
the  same,  the  return  stroke  will  be  performed  iu  half  the  time  of 
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forward  stroke.     The  curves  of  this  cam  are  found  in  the  sato6 
way  as  in  the  previous  examples. 

Cam  with  Groove  on  Face. — When  the  reciprocating  bar  has  to 
be  pulled  as  well  as  pushed  by  the  cam,  it  is  evident  that  the  cams 
already  considered  would  not  drive  it,  but  leave  it  at  its  extreme 
position.  In  such  a  case  the  periphery  of  the  cam  plate  is  not 
used,  but  a  groove  is  cut  in  its  face,  as  shown  by  the  accompany- 
ing figure.  The  end  of  the  rod  carries  a  pin  which  works  in  this 
groove.     The  rod,  therefore,  gets  pushed  out  by  the  inner  face  of 


Cam  with  Groove  on  Facb. 

the  slot  and  pulled  in  by  the  outer  face.  The  central  dotted  curve 
is  obtained  in  precisely  the  same  way  as  before,  and  the  two  full 
curves  are  drawn  parallel  to  it  at  a  distance  on  each  side  of  it 
equal  to  the  radius  of  the  pin. 

Cylindrical  Grooved  Cam. — This  differs  from  the  above  in  that 
its  rim  is  cylindrical  and  long.  A  groove  is  cut  around  its 
cylindrical  surface,  but  it  is  not  made  circular.  Parts  of  it  are 
spiral,  and  so  act  on  a  pin  like  a  screw.  This  gives  a  motion  to 
the  bar  parallel  to  the  axis  about  which  the  cam  rotates. 


CYLINDRICAL   GllOOVEl)   CAM. 
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Example  V.^— A  vertical  bar,  moving  in  guides,  is  driven  by 
a  circular  cam  plate  having  a  centre  of  motion  in  the  centre  line 
of  the  bar.  The  distance  from  the  centre  of  motion  to  the 
centre  of  the  plate  is  2  inches,  and  the  bar  exerts  a  pressure  of 
10  lbs.  when  rising,  but  falls  by  its  own  weight.  Find  the  work 
done  in  100  revolutions  of  the  plate. 

Answer. — Since  the  distance  between  the  roller,  S  R,  and  the 
centre  of  the  plate,  C  P,  remains  constant  as  the  plate  revolves,. 
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it  is  evident  that  the  bar  will  move  as  if  it  were  actuated  by  a 
crank  of  length  equal  to  the  distance  between  C  M  and  0  P,  and 
a  connecting-rod  of  length  equal  to  the  radius  of  the  plate.  Hence 
the  stroke  of  the  bar  will  be  4  inches,  or  ^  foot — i.e.,  twice  the 
length  of  the  equivalent  crank.  Neglecting  friction,  the  work 
done  in  raising  the  bar  by  one  revolution  of  the  plate,  will  be  : — 

10  X  4  (ft. -lbs). 
.*.  Work  done  in  100  revolutions  =  100  x  10  x  ^  =  333-3  ft.-lbs. 
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Pawl  and  Ratchet  Wheel. — A  toothed  wheel  which  is  acted 
upou  by  a  vibratiog  piece,  termed  a  click  or  pawl,  is  called  a  ratchet 
wheel.  Satchet  wheels  are  made  in  many  different  forms,  and  are 
used  for  a  variety  of  purposes.  For  instance,  clocks  and  watches 
are  usually  provided  with  ratchet  wheels  to  allow  the  spring  or 
weight  to  be  wound  up,  without  disturbing  the  rest  of  the  works, 
and  they  are  used  to  drive  the  feeding  arrangements  of  many 
machines.  When,  as  in  the  latter  case,  the  click  or  pawl  drives 
the  ratchet  wheel,  it  is  carried  on  a  vibrating  arm.     In  the  first 


Pawl  and  Ratchet. 


figure,  A  B  is  the  vibrating  bar  which  drives  the  ratchet  wheel,  by 
means  of  the  click,  B  C,  and  teeth,  C  c,  when  moving  in  the 
direction  shown  by  the  arrow.  When  A  B  moves  back  to  A  B', 
the  click  slides  over  the  top  of  the  next  tooth  and  drops  behind  it. 
It  is  then  ready  to  drive  the  wheel  through  the  space  of  another 
tooth  when  A  B  again  moves  forward.  While  the  pawl  is  moving 
back  from  B  to  B',  the  wheel  is  prevented  from  moving  with  it 
by  another  pawl  or  detent,  h  c.  In  this  case,  the  vibrating  bar  is 
on  the  same  axis  as  the  ratchet  wheel;  but  this  is  not  always 
so,  as  will  be  seen  from  the  next  example.  The  reactions  between 
the  teeth  and  the  pawl  have  to  keep  them  in  contact  with  each 
other.  The  resultant  pressure  of  the  teeth  on  the  pawl  must 
therefore  be  such,  that  its  moment  tends  to  turn  the  pawl 
towards  A,  the  centre  of  the  ratchet  wheel.  This  condition 
evidently  is  satisfied  if  C  D,  the  direction  of  the  resultant  pressure 
at  0,  passes  between  A  and  the  axis,  B,  about  which  the  pawl 


tA  gaeousse's  double-acting  pawl. 
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turns.  Similarly,  the  moment  of  the  resultant  pressure  on  the 
detent  must  tend  to  turn  it  towards  A,  but  its  direction,  dc  (not 
cd),  must  lie  outside  A  6,  because  this  detent  ends  in  a  hook. 
Both  pawls  might  have  been  like  B  C,  which  acts  by  pushing,  or 
both  hooks,  which  act  by  pulling,  like  b  c.  The  pawls  are  pressed 
against  the  ratchet  by  their  own  weight,  or  by  springs,  according 
to  circumstances.  When  a  ratchet  wheel  is  used  only  to  prevent 
the  recoil  of  the  axis  on  which  it  is  fixed,  the  vibrating  arm  is,  of 
course,  not  required,  and  only  the  detent  is  used. 

La  Garousse's  Double-Acting  Pawl. — This   is   a   pawl   which 
advances  the  ratchet  wheel  at  each  stroke.     As  will  be  seen  from 


DOOELB-ACTING  PaWL. 

the  diagram,  it  is  composed  of  two  clicks,  K  M  and  H  L,  carried  by 
an  arm,  K  G  H,  which  vibrates  about  its  centre,  G.  While  the  arm 
is  turning  in  the  direction  of  the  straight  arrow,  H  L  advances  the 
ratchet  by  the  space  of  half  a  tooth  while  K  M  retires  another  half, 
and,  therefore,  drops  behind  the  next  tooth.  During  the  return  of 
K G H,  KM  drives  the  ratchet  while  H L  moves  back.  It  will 
thus  be  seen  that  no  detent  is  required,  and  that  the  motion  of  the 
ratchet  is  nearly  continuous.  The  pawls  may  be  hooks,  when,  of 
course,  the  teeth  will  be  modified  to  suit.  The  positions  of  the 
clicks  and  arm  may  be  found  in  the  following  manner : — Draw  any 
convenient  radius,  AL,  of  the  pitch  circle,  BB,  and  from  it  set  out 
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the  angle,  LAD,  equal  to  the  desired  mean  obliquity  of  the  clicks. 
Draw  L  D  perpendicular  to  A  D,  and  describe  the  circle  C  C  with 
radius  A  D ;  the  directions  of  the  clicks  at  mid-stroke  will  be 
tangents  to  this  circle.  Make  angle  DAE  equal  to  an  odd 
number  of  times  half  the  pitch  angle  of  the  teeth,  and  draw  E  M, 
the  tangent,  at  E.  Let  this  intersect  the  tangent  L  D  at  F,  and 
the  pitch  circle  in  M.  Draw  F  G,  bisecting  angle  M  F  L,  and  take 
G,  any  convenient  point  in  it,  for  the  centre  of  the  rocking  shaft. 
Lastly,  make  G  H  and  G  K  perpendicular  to  H  L  and  K  M 
respectively.  Then,  K  G  H  is  the  position  of  the  vibrating  arm, 
and  HL  and  KM  the  lengths  of  the  two  clicks,  and  their  positions 
at  mid- stroke.  The  effective  stroke  of  the  clicks  is  half  the  pitch  of 
the  teeth,  and  the  total  stroke  as  much  greater  as  may  be  necessary 
to  ensure  their  clearing  the  teeth. 

Reversible  Pawl. — The  next  figure  shows  a  form  of  click  used 
in  the  feed  motion  of  shaping  and  other  machines.     The  ratchet 
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wheel  is  here  an  ordinary  toothed  wheel,  and  the  click,  B  C,  is  so 
shaped  as  to  be  able  to  drive  it  either  way.  When  the  click  is  in 
the  position  shown  in  full  lines,  it  drives  the  ratchet  wheel  in 
the  direction  of  the  arrow.     When  the  wheel  is  required  to  rotate 
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the  other  way,  the  click  is  lifted  over  to  the  dotted  position;  and, 
if  it  be  desired  to  stop  the  feed  motion  without  stopping  the 
machine,  the  click  is  pnt  in  an  upright  position.  A  portion  of 
the  pin  at  B,  which  turns  with  the  click,  is  triangular  in  section. 
A  spring  presses  on  this  part  and  so  keeps  the  click  in  any  one 
of  its  three  positions.  The  ratchet  wheel  is  keyed  to  A,  the  axis 
of  the  screw  which  moves  the  slide  carrying  the  cutter,  and  the 
friction  between  this  screw  and  its  nut  is  sufficient,  without  any 
detent,  to  prevent  the  ratchet  from  moving  back.  The  vibrating 
arm,  A  B,  which  carries  the  click  is  driven  by  a  small  eccentric 
or  crank.  The  pawl  may,  of  course,  be  made  to  move  the  rachet 
more  than  one  tooth  at  a  time  by  adjusting  the  angle  through 
which  AB  vibrates. 

Masked  Ratchet. — In  numbering  machines  it  is  often  necessary 
to  print  the  same  number  twice,  as  in  cheques  and  their  counter- 
foils. The  ratchet  which  shifts  the  type  wheels  must,  therefore,  be 
moved  at  every  alternate  back-stroke  of  the  printing  machine. 
This  may  be  accomplished  by  putting  a  second  ratchet,  running 
free  on  the  shaft,  alongside  the  driving  one  and  making  the  pawl 
broad  enough  to  move  both.  The  second  ratchet  has  the  same 
number  of  teeth  as  the  other,  but  its  teeth  are  made  alternately 
deep  and  shallow.  It  is  also  a  little  larger  than  the  driving 
ratchet,  so  that  the  pawl  passes  over  the  top  of  the  teeth  of  the 
latter,  without  moving  it,  when  in  a  shallow  tooth.  Next  stroke 
the  pawl  drops  into  a  deep  tooth.     This  allows  it  to  catch  the 
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teeth  of  the  main  ratchet  and  so  shift  the  type  wheel, 
arrangement  is  called  a  masked  ratchet. 

Silent  Feed. — A  ratchet  wheel  is  always  more  or  less  noisy  in 
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action,  and  the  wear  caused  by  the  sudden  drop  of  the  pawl  is 
considerable.  To  avoid  this,  a  friction  catch  is  sometimes  sub- 
stituted for  the  pawl  and  a  grooved  wheel  for  the  toothed  one. 


Vertical  Sawing  Machine,  by  John  M'Dowal&  Sons  of  Johnstone, 
Showing  Silent  Feed. 

The  pawl  and  ratchet  then  becomes  a  silent  feed.      The  action 
of  this  arrangement  will  be  easily  understood  by  a  reference  to 
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the  figure.*  E  0  is  an  eccentric  cam  which  is  tapered  at  its 
edge  to  fit  the  groove  in  the  grooved  wheel,  G  W.  It  can  turn 
on  a  pin  carried  by  the  lever,  L.  When  E  C  moves  as  shown  by 
the  arrow,  the  friction  causes  it  to  turn  about  its  axis,  and,  since 
the  axis  is  not  concentric  with  the  circular  part  of  its  rim,  it 
gets  wedged  in  the  groove.  Hence,  for  the  rest  of  the  stroke,  the 
lever  carries  G  W  round  with  it.  At  the  beginning  of  the  return 
stroke,  E  C  turns  in  the  opposite  direction,  and  so  gets  released 
from  the  groove.  A  detent,  E  D,  precisely  similar  to  E  C,  but 
carried  on  a  fixed  arm,  prevents  the  wheel  from  moving  back- 
wards. The  lever,  L  L,  is  worked  by  an  eccentric,  and  the  length 
of  its  stroke  may  be  adjusted  by.altering  the  position  of  the  end  of 
the  eccentric  rod,  E  R,  in  the  slot.  The  second  illustration  shows 
a  sawing  machine,  with  this  feed  motion  at  the  right-hand  side. 

Counting  Wheels. — In  counting  machines,  the  wheel  carrying 
the  figures  for  the  tens  must  turn  through  one-tenth  of  a  revolution 
while  the  units  wheel  shifts  from  9  to  0,  and  it  must  remain  at 
rest  at  other  times.  The  same  is  true  of  the  wheels  for  the 
hundreds  and  tens,  and  so  on.  The  most  obvious  way  to  do  this 
is  to  put  ten  teeth  on  the  follower  on  the  tens  shaft,  and  only  one 
on  the  driver  on  the  units  shaft.  Every  time  the  units  wheel 
passes  a  certain  point  it  will,  therefore,  shift  the  tens  wheel  by 
one  tooth.  The  teeth  on  the  follower  are  usually  pins,  and  a 
roller  is  pressed  between  them  by  a  spring.  This  roller  serves  to 
bring  the  wheel  to  its  exact  position,  and  to  lock  it  there. 

Another  device  is  shown  in  the  accompanying  figure,  which 
avoids  the  shock  that  always  takes  place  in  the  first  arrange- 
ment. Here,  A  is  the  shaft  whose  revolutions  require  to  be 
counted,  and  B  the  centre  of  the  counting  wheel.  The  wheel  fixed 
to  the  shaft,  A,  carries  a  pin,  C,  which  moves  the  counting  wheel 
by  gearing  with  the  sides  of  the  slots.  While  the  pin  is  in  a  slot, 
the  horns,  G,  K,  &c.,  pass  through  the  part,  MGHL,  of  the 
driving  wheel,  which  is  cut  for  the  purpose.  After  the  pin  has 
left  the  slot,  the  curved  part,  GHK,  bears  on  the  convex  arc, 
H  K  M,  and  so  locks  the  counting  wheel  in  the  position  shown  in 
the  figure. .  The  figure  shows  only  five  slots,  but  there  may  be  ten 
or  any  other  required  number.  When  used  for  counting,  there 
would,  of  course,  be  ten. 

The  following  construction  may  be  used  for  finding  the  propor- 
tions of  the  various  parts  : — Join  A  B,  and  set  out  angles  0  B  A 

A  ^3T^    ,            1.           ,  .    360°        180°      ,  .      , 

A  B 1),  &o.,  each  equal  to  -^ — ,  or ,  where  n  is  the  number  of 

*  We  have  to  thank  Messrs  John  M'Dowal  &  Sons,  of  Johnstone,  the 
makers  of  this  machine,  for  these  two  figures 
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slots  required.  Draw  A  C  and  A  D  perpendicular  to  B  C  and  B  D 
respectively,  and  complete  the  regular  polygon,  of  which  0  A  and 
A  t>  are  the  halves  of  two  adjacent  sides.     In  the  figure,  this  is  a 
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regular  pentagon.  Then  each  alternate  line  radiating  from  B,  such 
as  B  C  or  B  D,  is  the  centre  line  of  a  slot,  and  the  others,  as  B  A, 
the  centre  lines  of  the  circular  arcs,  G  H  K,  &o.      With  centre 
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A  and  radius  A  C,  describe  the  circle  C  E  D,  to  represent  the 
path  of  the  centre  of  the  pin,  and  another  circle,  with  B  as  centre, 
to  touch  it.  Then,  at  the  points  where  this  latter  circle  cuts  the 
centre  lines  of  the  slots,  make  semicircles  of  the  same  radius  as 
the  pin,  0.  The  sides  of  the  slots  may  then  be  drawn  parallel  to 
their  respective  centre  lines  to  touch  these  semicircles.  The  arcs, 
G  H  K,  are  drawn  with  radius  equal  to  A  H,  and  their  centres  at 
the  angles  of  the  polygon,  so  as  to  be  concentric  with  H  K  M 
when  in  gear  with  it.  The  arc,  M  L  H,  has  its  centre  in  A  C, 
and  its  radius  equal  to  B  G  or  B  K. 

Geneva  Stop. — This  is  a  modification  of  the  above,  used  to 
prevent  watches  being  overwound,  and  such  like  purposes.  This 
is  effected  by  filling  up  one  of  the  slots,  as  shown  by  the  dotted 
circle  at  N.  The  pin  on  A  is  arrested  when  N  reaches  0  or  D. 
The  same  thing  would  result  from  filling  up  one  of  the  hollows 
like  GHK.  It  is  obvious  that  the  shaft,  A,  can  make  one 
complete  turn  for  every  slot,  except  the  stopping  one,  and  a 
complete  turn  all  but  the  angle,  G  A  K,  for  that  one. 

Counting  Machines The  accompanying  illustration  shows  a  very 

good  form  of  counting-machine  (with  three  of  its  dials  removed) 


The  "  Univbesal     ConNTER. 


which  works  on  a  modification  of  the  first  of  the  above-mentioned 
methods.*  The  driving  mechanism  consists  essentially  of  a  short 
lever,  L,  which  can  oscillate  about  the  pin,  P,  and  which  drives 
the  ratchet  wheel,  E,  W,  by  two  projections  on  its  end.  Below 
this  lever,  L,  there  is  a  circular  plate  from  which  a  pin  projects 
into  the  hole  in  L.  This  pin,  not  being  concentric  with  the 
circular  plate,  will  cause  L  to  oscillate  when  the  plate  rotates. 
The  rod,  Z,  is  attaphed  to  the  back  of  this  plate  when  the  instru- 
ment is  used  to  count  revolutions,  and  the  lever,  H,  to  its  edge,  as 
shown  in  the  figure,  when  used  to  count  oscillations.  The  ratchet 
wheel  spindle  carries  the  first  or  units  dial,  and  also  a  disc,  D, 
having  a  pin  projecting  downwards  from  its  lower  edge.  The 
next  spindle,  to  which  the  tens  dial  is  attached,  has  a  toothed 

*  This  and  the  following  figure  were  kindly  supplied  by  the  makers  of 
these  instruments,  Messrs.  Schaffer  &  Budenberg  of  Glasgow,  &c. 
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wheel,  TW,  with  twenty  toeth.  These  teeth  are  alternatplv 
broad  and  narrow,  and  the  wheel  is  locked  by  the  disc,  D,  gearing 
between  two  consecutive  broad  teeth.  At  the  proper  time,  the 
pin  on  D  conies  into  gear  with  a  narrow  tooth,  and,  at  the  same 
time,  a  notch  on  the  edge  of  the  disc  allows  one  broad  tooth  to 
pass  round.  The  tens  spindle,  therefore,  makes  one-tenth  of  a 
revolution.  The  same  arrangement  is  adopted  for  the  other  dials. 
The  case  of  the  instrument  has  windows  which  allow  only  one 
figure  on  each  dial  to  be  seen  at  a  time.  In  order  that  the  dials 
may  be  easily  set  to  zero,  their  spindles  are  each  mounted  on 
separate  levers,  which  are  locked  in  their  places  by  the  bent  lever 
to  which  V  is  attached.  Pulling  V  to  the  left  frees  these  levers, 
and  permits  them  to  be  so  turned  as  to  put  the  toothed  wheels 
out  of  gear  with  their  respective  discs,  when  the  dials  may  be 
set  to  zero. 

Another  counter  by  the  same  makers  is  shown  in  the  second 


Haedino  Counteb. 

figure.  In  this  instrument  the  dials  are  cylindrical  and  all  run 
loose  on  one  shaft.  To  the  right-hand  side  of  each  (except  the 
first)  is  fixed  a  number  of  pins,  and  to  the  left  (except  on  the  last) 
two  only.  Above  the  dials,  between  each  pair,  a  set  of  little 
toothed  wheels  is  mounted  loosely  on  a  secondary  spindle.  These 
toothed  wheels  gear  with  the  pins  on  the  dials,  and  every  alternate 
tooth  is  also  broad  enough  to  gear  with  the  side  of  the  right-hand 
dial,  which  locks  them  in  the  same  way  as  the  disc  in  the  "  Uni- 
versal "  counter.     The  two  pins  on  the  left  of  a  dial  come  into 


watt's  parallel  motion. 
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gear  at  the  proper  time,  and  a  slot  on  the  side  of  the  dial  allows 
the  little  pinion  to  turn  two  teeth.  This  is  just  sufficient  to 
cause  the  next  dial  to  turn  through  one-tenth  of  a  revolution. 
The  same  thing  is  true  of  each  of  the  other  dials.  This  instrument 
IS  driven  in  a  similar  way  to  the  previous  one. 

Watt's  Parallel  Motion.— Referring  to  the  illustration  of  Watt's 
double-acting  engine,  previously  given  in  this  Lecture,  the  student 
will  notice  that  the  beam  and  piston-rod  are  connected  by  a  set  of 
links.  This  system  of  links  has  been  called  Watt's  Parallel  Motion. 
The  first  part — -viz.,  that  for  guiditig  a  point  in  a  straight  line — ^is 
usually  termed  a  "  parallel  motion,"  although  this  term  properly 
belongs  to  the  portion  which  makes  certain  other  points  travel  in 
paths  parallel  to  that  of  this  guided  point.     The  next  figure  will 


Watt's  Approximate  Straight-Line 
Motion. 


Construction  fob  Lenoths 

OF  LINK.S. 


serve  to  show  the  principle  on  which  an  approximate  rectilinear 
motion  is  obtained.  Part  of  the  beam  of  the  engine  is  shown  in 
three  different  positions,  C  Tj,  0  Tj,  and  C  T3.  The  point,  T,  in 
it  is  connected  by  the  link,  T  t,  to  the  end  of  a  lever  or  radius  rod, 
c  *,  jjivotted  at  c.  In  their  mid  positions,  0  Tj,  c  t^,  these  two 
levers  are  usually  parallel  to  each  other,  and  perpendicular  to  the 
line  Pj  Pg  ^s-  The  point,  T,  describes  an  arc  of  a  circle  round  0, 
and  t  round  c.  As  these  arcs  curve  in  opposite  directions,  we 
should  expect  some  intermediate  point  on  the  link,  T  t,  to  curve  in 
neither  direction,  but  to  describe  an  approximate  straight  line. 

S 
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Tills  point,  P,  may  be  found  by  making  =-=  = . 


The  actual 


]i;\th  of  P  is  like  the  figure  8,  and  the  parts  which  cross  are  very 
11  Parly  exact  straight  lines  for  a  short  distance  on  either  side  of 
the  crossing. 

Prof.  Eankine  gives  the  following  construction  for  the  lengths 
of  the  links  in  his  Machinery  and  MUhoork  : — Let  A  be  the  centre 
of  the  beam,  G  D  the  centre  line  of  the  piston-rod's  motion,  and  B 
tlie  mid  position  of  its  end.  Draw  A  D  perpendicular  to  G  D. 
Make  D  E  equal  to  one-fourth  of  the  stroke,  and  join  A  E.  Draw 
E  F  perpendicular  to  A  E,  and  meeting  A  D  in  F.  A  F  is  the 
length  of  the  beam.  If  G  be  the  point  where  the  radius  rod  cuts 
G  D,  draw  G  K  at  right  angles  to  G  D,  and  make  D  H  equal  to 
G  B.  Join  A  to  H,  and  F  to  B,  and  produce  A  H  and  F  B  to 
meet  G  K  in  K  and  L.  Then,  F  L  is  the  connecting  link,  K  L  is 
the  ladius  rod,  and  B  is  the  point  on  the  link,  F  L,  to  which  the 
piston-rod  must  be  attached. 

Parallel  Motion. — We  will  now  consider  the  parallel  motion 
proper.  In  the  accompanying  figure  A  B  T  <  is  a  parallelogram, 
and  c  is  a  point  in  A  t  produced.      In  the  meantime  we  will 


4 

f   i 


%r 


rOB 


Fabaixel  Motion. 


Pahallel  Motion  fob  Bichard's 
Indicatok. 


leave  the  links  C  T  and  B  D  out  of  account  and  consider  the 
parallelogram  only.  Join  B  c  and  we  have  two  similar  triangles, 
B  A  c  and  P  <  c. 


Ft 
BA 


tc 

Ac 


=  4^.      .'.Pt 


i  c 
B  A  -: —  =  a  constant. 
Ac 


That  is,  in  every  position  of  the  parallelogi-am  the  point,  P, 
remains  in  one  fixed  position  in  the  link,  T  t.     Moreover,  the  ratio 
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Be 

=j—  is  constant,  and,  therefore,  whatever  path  P  traces  out,  B  will 
r  0 

trace  out  a  similar  one.  This  is  the  principle  of  the  pantograph, 
which  is  used  for  enlarging  or  reducing  drawings.  Now,  we  have 
just  seen  how  we  may  make  P  move  in  an  approximate  straight 
line  by  the  link,  C  T.  B  will,  therefore,  also  move  in  an  approxi- 
mate straight  line.  "We  might  have  guided  B  instead  of  P  with 
a  radius  rod,  but  this  would  have  necessitated  longer  and  heavier 
links  and  would  have  occupied  more  space. 

In  applying  this  motion  to  his  engine.  Watt  made  Ate  the  beam, 
and  attached  the  piston-rod  to  B  and  the  air  pump-rod  to  P.  The 
lengths  Ac,  to  were,  therefore,  proportional  to  the  strokes  of  the 
piston  and  pump  bucket  respectively.  Sometimes  a  third  link 
was  added  so  as  to  get  a  second  parallelogram  and  a  second  point 
moving  parallel  to  P,  and  this  was  used  to  drive  the  feed-pump. 

The  right-hand  figure  shows  the  parallel  motion  of  Richard's 
steam  engine  indicator.*  The  student  will  at  once  see  that  it  is 
a  modification  of  Watt's  parallel  motion.  In  this  case  the  piston- 
rod,  P  R,  is  attached  by  the  link,  E  F,  to  the  bar,  0  D,  between 
D  and  the  centre,  C.  The  motion  of  p,  to  which  the  pencil  is 
attached,  is,  therefore,  a  magnified  copy  of  the  piston's  motion.* 

'  See  Lecture  XVI.  of  the  author's  Elementary  Manual  of  Steam  and  the 
bttam  Engine  for  a  description  of  this  indicator. 
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Lbctuke  VI. — Questions. 

1.  Describe  Hooke's  joint  for  connecting  two  axes  whose  directions  meet 
in  a  point.  Investigate  a  method  of  setting  out  in  a  diagram  the  angles 
described  by  the  axes  in  the  same  given  time.  (Hens.  S.  and  A.  Exam., 
1895.) 

2.  Sketch  and  describe  the  doable  Hooke's  joint,  and  explain  why  it  is 
used  in  certain  cases  in  preference  to  the  single  joint. 

3.  The  rods  of  a  double-barrelled  pump  are  attached  to  a  double-cranked 
shaft,  at  the  end  of  which  is  a  wheel  with  30  teeth.  The  wheel  gears  with 
a  pinion  of  8  teeth  driven  by  a  winch  handle.  Find  the  number  of  single 
strokes  performed  by  each  pump  rod  while  the  winch  handle  makes  15 
revolutions,  and  sketch  the  arrangement.     Ans.  8. 

4.  In  printing  machines  the  table  is  sometimes  made  to  reciprocate  by 
running  a  pinion  between  two  racks,  whereof  one  is  fixed  and  the  other  is 
attached  to  the  table.  The  pinion  may  be  actuated  by  a  crank  and  con- 
necting-rod, but  in  that  case  the  reciprocation  of  the  table  is  not  uniform, 
how  may  a  uniform  reciprocation  be  obtained  ? 

5.  What  is  an  epicyclic  train,  and  where  are  such  trains  chiefly  employed  ? 
Investigate  a  formula  for  ascertaining  the  relative  velocities  of  the  first  and 
last  wheels  of  such  a  train.  In  an  epicyclic  train,  where  the  first  wheel 
has  20  teeth  and  is  fixed,  the  second  and  third  wheels  are  on  one  axis  and 
have  30  and  40  teeth  respectively,  and  the  last  wheel  has  50  teeth,  find  the 
number  of  rotations  of  the  last  wheel  for  30  rotations  of  the  arm.  In  which 
direction  does  the  last  wheel  rotate  relatively  to  the  arm  ? 

Ans.  14 ;  in  the  same  direction. 

6.  In  a  rope-making  machine,  the  reels  containing  the  strands  are  carried 
round  in  a  circular  path,  but  no  twisting  or  untwisting  of  the  strands  occurs 
during  the  operation.  Sketch  and  describe  the  epicyclic  train,  or  other 
device,  by  which  you  would  accomplish  this.     If  a  Uttle  extra  twist  be 

.  required  to  be  put  on  the  strands,  how  may  this  be  done  ?    Explain  your 
answer  fully. 

7.  Prove  the  formula  which  gives  the  velocity  of  rotation  of  the  last 
wheel  of  an  epicyclic  train  in  terms  of  the  velocities  of  the  first  wheel  and 
the  arm,  and  arrange  an  epicyclic  train  in  which  the  last  wheel  and  the 
arm  shall  rotate  with  equal  velocities  in  opposite  directions. 

8.  A  train  of  three  spur  wheels  is  carried  by  a  revolving  arm,  the  first  is 
a  dead  wheel  of  60  teeth,  the  second  has  30  teeth,  and  the  third  has  45 
teeth.  Prove  the  formula  for  determining  the  number  of  revolutions  of  the 
second  and  third  wheels  for  each  revolution  of  the  arm,  and  ascertain  the 
actual  numbers  in  this  example-  Ans.  3 ;  —  ^. 

9.  Investigate  the  kinematic  properties  of  an  epicyclic  train  formed  by  a 
combination  of  three  equal  bevel  wheels  in  gear.  Describe,  with  sketches, 
the  manner  in  which  this  combination  has  been  applied  in  Houldsworth's 
difierential  motion.  Mention  other  useful  anplications  of  the  combination, 
pointing  out  the  special  results  obtained. 

10.  An  epicyclic  train  supported  on  a  frame  consists  of  (1)  a  spur  wheel, 
A,  having  40  teeth ;  (2)  a  disc,  B,  having  the  same  axis  as  A,  and  carrying 
at  equal  intervals  three  pinions  of  16  teeth,  each  of  which  gears  with  A ; 
(3)  an  annular  wheel,  C,  of  72  teeth  coaxial  with  A  and  B,  and  gearing  with 
the  three  pinions.  If  A  be  made  a  dead  wheel  and  C  be  the  driver,  find  the 
velocity  ratio  of  B  to  C,  both  as  regards  magnitude  and  direction,  proving 
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any  formula  which  you  employ.  If  B  be  locked  to  the  frame,  and  A  be  the 
driver,  find  the  same  a,s  regards  0  and  A.  How  would  you  alter  the  gear- 
ing on  B,  so  that  C  and  A  may  rotate  in  the  same  direction  while  the  disc 
B  remains  locked  to  the  frame  ?  How  may  the  driving  gear  of  a  bicycle  be 
arranged  so  that  the  vehicle  may  travel  more  slowly  up-hill,  while  the  pedal 
axis  runs  at  the  same  rate  as  on  level  ground  ?    Ana.  ^-i;    -  f . 

11.  Explain  the  manner  in  which  Watt  used  the  so-called  Sun  and  Planet 
Wheels  as  a  substitute  for  a  crank  and  connecting-rod,  and  account  for  the 
result  which  he  obtained. 

12.  What  are  elliptical  wheels,  and  for  what  purpose  are  they  used? 
What  peculiar  property  of  the  ellipse  has  to  be  taken  into  account  in  de- 
signing them,  and  how  are  they  arranged  in  practice  ?  Give  a  sketch. 
How  are  these  wheels  applied  to  the  driving  of  cycles  ? 

13.  Sketch  a  cam  for  giving  a  bar  a  uniform  recij^rocating  motion,  and 
explain  how  you  find  the  form  of  its  periphery. 

14.  Set  out  a  form  of  cam  which,  when  acting  on  a  bar  by  uniform 
rotation,  will  cause  the  backward  and  forward  motion  of  the  bar  to  have 
an  interval  of  rest  between  each.  Describe  some  other  method  of  obtaining 
an  intermittent  motion  of  this  kind. 

15.  Describe,  by  the  aid  of  the  necessary  sketches,  how  the  circular 
motion  of  the  driving  pulley  is  converted  into  the  reciprocating  motion  of 
the  punch  in  an  ordinary  machine  for  punching  holes  in  metal  plates. 
Calculate  the  approximate  maximum  pressure  in  pounds  at  the  end  of  a 
punch  in  cutting  a  hole  1  inch  in  diameter  through  a  steel  plate  f  inch 
thick,  the  resistance  of  the  plate  to  shearing  being  taken  as  50,000  lbs.  per 
square  inch  of  section.  Atis.  98,175  lbs. 

16.  Sketch  and  describe  what  form  of  cam  you  would  use  when  it  is 
required  to  drive  the  bar  both  ways,  (1)  at  right  angles  to  the  axis  of  the 
cam,  and  (2)  parallel  to  it. 

17.  Sketch  a  pawl  and  ratchet  wheel  as  used  for  preventing  the  recoil  of 
the  gear. 

18.  Sketch  and  describe  some  form  of  pawl  which  will  drive  a  ratchet 
wheel  during  both  the  forward  and  backward  strokes. 

19.  Sketch  a  ratchet  feed  motion,  such  as  is  suitable  for  a  planing 
machine,  and  explain  the  manner  in  which  the  amount  of  feed  is  regulated. 

20.  It  is  sometimes  useful  to  advance  a  ratchet  wheel  at  every  alterniUe 
forward  stroke  of  the  driver,  instead  of  at  every  stroke,  as  is  commonly 
the  case ;  describe  and  sketch  a  mechanical  contrivance  which  will  give 
such  a  movement. 

21.  Describe,  with  the  necessary  sketches,  some  form  of  silent  feed 
arrangement  commonly  used  instead  of  a  ratchet  wheel,  for  advancing  the 
timber  in  sawing  machines.  Explain  the  principle  of  the  friction  grip  upon 
which  such  a  contrivance  depends.  Within  what  limit  as  to  deviation  of 
the  line  of  pressure  from  the  common  normal  is  a  friction  grip  possible,  and 
why? 

22.  Sketch  and  describe  a  vertical  sawmill,  showing  how  the  silent  feed 
is  applied. 

23.  Sketch  and  describe  an  arrangement  for  counting  the  number  of 
Btrokes  or  revolutions  of  an  engine. 

24.  Explain  the  principle  of  Watt's  approximate  straight  line  motion. 
Commonly  called  a  parallel  motion.  By  what  combination  of  linkwork  is 
an  exact  straight  line  motion  obtained  ?  Prove  the  geometrical  proposition 
upon  which  the  result  depends. 

25.  Show  how  you  would  design  a  cam  to  secure  the  following  motions  -.-^ 
A  slow  forward  uniform  motion,  a  period  of  rest,  and  a  quick  return. 

(C.  &  G.,  1900,  0.,  Sec.  A.) 
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26.  Sketch  a  Watt  parallel  motion  as  used : — {a)  In  a  Richard's  steam 
engine  indicator  ;  (6)  In  a  compound  beam  engine.  Is  this  motion  exact  ? 
(C.  &  G.,  1900,  0.,  Sec.  A.) 

27.  A  plank,  10  feet  long,  is  rolled  over  a  roller  which  can  roll  on  the  • 
ground.     Through  what  distance  will  the  plank  have  moved  before  it  rolls 
oflf  the  roller?    Give  reasons  for  your  answer.     (C.  &  G.,  1902,  O.,  Sec.  A.) 

28.  Describe  Watt's  parallel  motion,  and  show  how  it  is  applied,  in  con- 
junction with  the  pantograph,  in  beam  engines.  (C.  &G.,  1902,  O. ,  Sec.  A.) 

29.  In  a  planing  machine  the  table  is  driven  by  a  rack  and  pinion.  For 
the  cutting  stroke  the  pulley  shaft  is  connected  with  the  rack  through  the 
following  gearing  : — A  pinion  A  rigidly  connected  to  one  of  the  pulleys  has 
24  teeth,  this  gears  with  a  wheel  B,  which  has  64  teeth ;  on  the  same  axis 
as  B  is  a  pinion  C  of  18  teeth,  which  gears  with  a  wheel  D  of  72  teeth,  and 
on  the  axis  carrying  the  wheel  D  is  the  pinion  E  which  has  15  teeth  and 
drives  the  rack.  The  pitch  of  the  teeth  of  the  rack  is  IJ  inches.  On  the 
quick  return  stroke  D  is  driven  direct  by  a  pinion  F  having  18  teeth,  and 
rigidly  connected  to  another  pulley  on  the  pulley  shaft.  The  stroke  of  the 
table  is  6  feet.  Find — (a)  The  number  of  revolutions  per  minute  of 
the  pulleys,  if  the  cutting  speed  is  not  to  exceed  25  feet  per  minute. 
(6)  The  time  taken  for  one  complete  reciprocation  of  the  table,  (c)  The 
average  force  exerted  by  the  tool  during  one  cutting  stroke,  if  the  horse- 
power passing  to  the  planing  machine  through  the  belt  during  the 
cutting  stroke  is  .3,  and  if  the  efficiency  of  the  mechanism  is  37  per  cent. 
(B.  of  E.,  S.  2  and  3,  1905.) 

30.  Draw  the  profile  of  a  cam  to  do  the  following  work  : — It  has  to  lift 
vertically  with  uniform  velocity  a  moving  bar,  the  length  of  the  travel  of 
the  bar  being  6  inches ;  it  then  has  to  allow  the  bar  to  descend  again  with 
uniform  velocity,  but  at  one-half  the  speed  of  the  ascent.  The  two  move- 
ments occupy  one  revolution  of  the  uniformly  rotating  cam.  The  diameter 
of  the  roller  working  on  the  cam  is  J  inch,  and  the  least  thickness  of  metal 
round  the  cam  centre  must  be  2  inches.  The  line  of  strokei  of  the  moving 
bar  passes  through  the  cam  centre.     (B.  of  E.,  S.  2,  1906.) 

31.  In  the  epioyclic  train  shown  in  the  sketch,  the  wheel  A,  which  has 
30  teeth,  is  fixed.     The  rotating  arm  a,  which  rotates  about  the  centre  A, 


carries  a  wheel  B,  which  gears  with  A  and  has  12  teeth,  and  also  a  second 
wheel  C,  which  gears  with  B  and  has  15  teeth.  To  the  wheel  C  is  rigidly 
fixed  an  arm  b.  If  the  speed  of  the  arm  is  n  revolutions  per  minute 
clockwise,  what  is  the  speed  of  the  wheel  C  about  its  centre  C  ?  Find,  for 
one  revolution  of  the  mechanism,  (a)  the  path  of  a  point  on  the  arm  6, 
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whose  distance  from  the  centre  C  is  equal  to  the  distance  between  the  two 
centres  A  and  C ;  (6)  the  path  of  a  point  on  the  arm  b,  whose  distance 
from  the  centre  C  is  one-half  that  between  the  two  centres  A  and  C. 
(B.  of  E.,S.  2  and  3,  1906.) 

32.  In  the  epicyclio  bevel  gear  shown  in  the  sketch,  the  wheels  A  and  B 
have  each  40  teeth,  and  the  wheel  C  has  20  teeth  ;  the  shafts  D  and  E  are 
in  one  solid  piece,  and  rotate  together  at  the  rate  of  60  revolutions  per 


minute  about  the  axis  of  E ;  each  wheel  is  free  to  rotate  on  its  own 
spindle,  and  the  wheel  A  rotates  thirty  times  per  minute  in  a  direction 
opposite  to  the  rotation  of  the  shaft  E.  Find  the  speed  and  direction  of 
rotation  of  the  wheel  C.     (B.  of  E.,  S.  2,  1907.) 

33.  The  mechanism  connecting  the  pencil  and  piston  of  a  steam  engine 
indicator  ia  shown  in  skeleton  form  in  the  sketch.     The  sketch  is  drawn 


to  scale,  but  the  point  G  is  not  in  its  correct  position  on  the  bar  E  P. 
Determine  the  correct  position  of  the  point  G  in  order. that  the  pencil  P 
may  travel  approximately  in  a  vertical  line  parallel  to  the  path  of  the 
piston  A.  ('Ihe  travel  of  the  pencil  will  not  be  greater  than,3i  inches  to 
4  inches.)  How  far  does  the  pencil  P  move  for  a  1-inoh  travel  of  the 
piston  A?    (B.  of  E.,  S.  3,  1907.) 
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34.  In  a,  new  coal-cutting  machine  there  is  an  epieyclio  gearing  of  the 
following  character :— Two  concentric  annular  wheels  A  and  B,  which 
have  37  and  36  teeth  respectively,  are  mounted  loosely  on  the  same  shaft ; 
a  spur-wheel  C,  which  has  32  teeth,  is  mounted  on  an  eccentric  fixed  to  the 
shi&t  in  such  a  manner  that  C  gears  with  both  A  and  B.  The  wheel  A 
forms  part  of  a,  drum  which  is  prevented  from  rotating  by  means  of  a 
brake.  Power  delivered  to  the  shaft  is  transmitted  by  means  of  the 
gearing  to  a  second  drum  to  which  the  wheel  B  is  fixed.  If  the  driving 
pulley  on  the  shaft  is  26  inches  in  diameter,  and  if  the  drum  is  1 8  inches  in 
diameter,  find  the  velocity  ratio  of  the  mechanism.     (B.  of  £.,  S.  3,  1908.) 


A.M.INST.C.E.  EXAM.  QUESTIONS.  121 


Lectueb  VI.— A.M.Inst.C.E.  and  B.Sc.  Exam.  Questions. 

1.  Describe  the  "  parallel  motion  "  of  Watt,  and  show  tliat  it  gives  an 
approximately  straight-line  motion.  How  is  the  same  device  extended  to 
serve  as  a  pantograph  ?     (I.O.E.,  Feb.,  1898. ) 

2.  In  a  bicycle  cyclometer  A  is  a  fixed  annular  rack  ;  B  a  movable 
annular  rack  concentric  with  A,  the  centre  being  at  (6).  C  and  D  are 
pinions  rigidly  attached  to  each  other  and  rotating  about  a  centre  (a)  at 
the  end  of  an  arm  (a,  6).     0  gears  with  A,  and  D  with  B.     The  number  of 


teeth  in  A,  B,  C,  D  respectively  are  22,  23,  19,  and  20.  For  one  revolution 
of  the  bicycle  wheel  the  arm  (a,  6)  turns  through  72°.  Find  the  diameter 
of  the  wheel  in  order  that  B  shall  make  one  revolution  for  each  mile  run 
(I.O.E.,  Oct.,  1900.) 

3.  Describe  Watt's  "sun  and  planet"  motion.  If  the  diameters  of  the 
gearing  wheels  were  in  another  ratio  than  equality,  how  would  the  number 
of  revolutions  be  affected?    (I.C.E.,  Feb.,  1901.) 

4.  An  epicyclic  train  of  wheels  is  constructed  as  follows  : — A  fixed 
annular  wheel.  A,  and  a  smaller  concentric  rotating  wheel,  B,  are  con- 
nected by  a  compound  wheel,  Aj  Bi,  the  portion  Aj  gearing  with  the  wheel 
A,  and  Bj  with  B.  The  compound  wheel  revolves  on  a  stud  which  is 
carried  around  on  an  arm  which  revolves  about  the  centre  of  A  and  B.  A 
has  130  teeth,  B  20,  and  Bj  80,  the  pitch  of  the  teeth  of  A  and  Aj  being 
twice  the  pitch  of  B  and  B^.  How  many  revolutions  will  B  make  for  one 
turn  of  the  arm  ?    (I.  C.  li. ,  Oct. ,  1902. ) 

5.  What  is  an  epicyclic  train  ?  Two  wheels,  A  and  B,  are  so  mounted  as 
to  form  an  epicyclic  train,  and  A  is  a  dead  wheel  having  80  teeth,  while 
B  has  20  teeth.  Find  the  number  of  turns  made  by  B  for  each  rotation  of 
the  arm.     (I.C.E.,  J?'e6.,  190.3.) 

6.  Set  out  a  form  of  cam  which  is  to  impart  vertical  motion  to  a  bar  so 
that  the  latter  shall  be  raised  uniformly  during  the  first  half  revolution 
remain  at  rest  during  the  next  one-sixth,  and  descend  uniformly  during  the 
remainder  of  the  revolution.     (I.C.B.,  Feb.,  1903.) 

7.  A  plank,  10  feet  long,  is  rolled  over  a  roller  which  can  roll  on  the 
ground.  Through  what  distance  will  the  plank  have  moved  before  it 
escapes  from  contact  with  the  highest  point  of  the  roller  ?  Give  reasons 
for  your  answer.     (I.C.E.,  Oct.,  1903.) 

8.  Describe  Watt's  parallel  motion,  and  show  how  it  is  applied  in 
conjunction  with  the  pantograph,  to  the  mechanism  of  a  beam  engine. 
a.C.E.,i?'e6.,  1904.) 


122  LEQtUftE   Vl. 

9.  An  epicycle  train  of  wheels  is  constructed  and  arranged  as  follows  : — 
A  fixed  annular  wheel  A,  having  120  teeth,  and  a  smaller  concentric  rotat- 
ing spur-wheel  B,  having  20  teeth,  are  connected  by  a  compound  wheel 
A'B',  the  portion  A',  with  40  teeth,  gearing  with  the  wheel  A,  and  the 
portion  B'  with  B.  The  compound  wheel  is  mounted  on  a  stud  carried  on 
an  arm  which  revolves  about  the  common  centre  of  A  and  B.  Supposing 
the  pitch  of  the  teeth  of  A  and  A'  is  IJ  times  that  of  B  and  B',  how  many 
revolutions  will  B  make  for  one  turn  of  the  arm  ?    (I.C.E.,  Oct.,  1904.) 

10.  Describe  Hooke's  joint  for  connecting  two  shafts  which  are  not 
parallel,  and  show  that  the  two  shafts  have  not  an  equal  velocity  ratio 
at  all  points  of  the  rotation.  Describe  Oldham's  coupling — that  is,  a 
coupling  in  which  there  is  a  disc  fitted  with  two  keys  at  right  angles 
to  each  other  for  connecting  two  parallel  shafts,  and  show  that  the  two 
shafts  have  equal  velocity  at  all  points  of  the  rotation.  (I.C.E.,  Oct.,  1905. ) 

11.  Sketch  and  describe  any  form  of  quick-return  motion,  constructed  by 
means  of  belts  and  pulleys,  and  suitable  for  a  planing  machine. 

(I.C.E.,if'e6.,  1907.) 

12.  A  spur-wheel  S  is  keyed  on  a  sleeve  which  turns  freely  on  a  shaft  A . 
Design  a  compound  train  of  gearing,  the  first  pinion  of  which  is  keyed  to 
the  shaft  A,  and  the  last  wheel  of  which  is  S,  so  that  when  the  shaft  A 
makes  240  revolutions  per  minute,  the  sleeve  will  make  15  revolutions  per 
minute,  using  only  one  additional  shaft,  parallel  to  A  and  50  inches  from 
it.     The  pitch  of  the  gearing  is  to  be  about  2  inches.    (I.C.E.,  Feb.,  1907.) 

13.  Define  a  "cam."  Sketch  a,  cam  suitable  for  actuating  the  exhaust 
valve  of  a  gas  engine.  What  precautions  would  you  take  in  this  case 
to  minimise  noise?  Describe  two  other  examples  of  the  use  of  cams, 
illustrating  your  remarks  by  means  of  hand-sketches.     (I.C.E.,  Oct. ,  1907. ) 

14.  Describe  a  method  of  finding  the  angular  velocity  ratio  of  the  two 
shafts  of  a  single  Hooke's  joint,  and  prove  that  your  construction  is  correct. 
When  the  axis  of  the  two  shafts  are  at  45°,  find  the  maximum  and  minimum 
velocity  ratios.  Give  an  example  of  some  practical  application  of  this 
joint.     (B.Sc,  London,  July,  1908.) 

15.  In  a  compound  wheel  train  a  3  inches  in  diameter  gearing  with 
6  10  inches  in  diameter  and  c  on  the  same  axle  as  b  S  inches  in  diameter 
gearing  with  d  12  inches  in  diameter,  show  how  to  find  all  the  virtual 
centres.  How  could  this  train  be  replaced  by  a  link  mechanism  so  as  to 
give  the  same  relative  velocity  between  two  of  the  links  as  between 
wheels  a  and  d1     (I.C.E,,  Oct.,  1908.) 
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LECTURE   VII. 

Contents. —Reversing  Motions — Planing  Machine — ReveMlng  by  Fric- 
tion Cones  and  Bevel  Wheels  —  Whitworth's  Reversing  Gear  — 
Quick  Return  Reversing  Motion  —  Whitworth's  QuicK  Return 
Motion— Whitworth's  Slotting  Machine — Common  Quick  Return 
—  Horizontal  Shaping  Machine  —  Quick  Return  with  Elliptic 
Wheels  —  Vertical  Slotting  Machine  —  Speed  Reducing  Gear  — 
Questions. 

Reversing  Motions — Planing  Machine. — The  figure  below 
will  serve  to  show  the  manner  in  which  the  quick  return 
and  slower  forward  motions  are  applied  to  a  modern  planing 


Horizontal  Planing  Machine  with  Quick  Return  Belt 
Gearing  bt  Messrs.  J.  Arohdale  &  Co.,  Birmingham. 
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machine.  Here,  the  smaller  fixed  and  loose  pulleys  are* 
situated  to  the  extreme  left,  whilst  the  larger  ones  are 
placed  alongside  of  them.  The  pulleys  are  connected  by 
underneath  toothed  gearing  with  the  rack  of  the  moving 
table  upon  which  the  materia]  to  be  planed  is  bolted.  The 
under  side  of  this  table  has  two  straight,  truly  planed  and 
scraped  V-shaped  surfaces,  which  accurately  fit  corresponding 
V  grooves  on  the  upper  surface  of  the  strong  heavy  bed  plate. 
Two  vertical  standards,  with  planed  and  scraped  surfaces  on  their 
front  faces,  serve  to  guide  the  cross-piece  which  carries  two  tool- 
holders.  An  up  and  down  motion  is  given  to  this  cross-piece  by 
means  of  the  uppermost  handle,  spindle,  two  pairs  of  bevel 
pinions  and  vertical  screws  actuating  nuts  connected  to  the  back 
of  it.  A  horizontal  motion  is  given  to  the  tool-holders  by  the 
lower  right-hand  handle  and  horizontal  screws.  The  tool-holders 
themselves  are  adjustable  up  and  down  by  handles  and  screws  as 
shown.  They  may  also  be  so  set  as  to  cut  at  any  angle,  or  a 
horizontal  tool-holder  can  be  fixed  upon  one  or  other  of  the 
upright  standards  to  plane  vertical  surfaces.  AU  the  above- 
mentioned  motions  may  be  actuated  from  either  side  of  the 
machine. 

We  shall  now  illustrate  and  describe  several  other  forms  which 
are  frequently  used  in  connection  with  machinery  of  different 
kinds. 

Reversing  by  Friction  Cones  and  Bevel  Wheels. — ^In  the 
first  of  the  two  following  figures,  the 
two  cones  B  and  C  are  fixed  to  the 
shaft  D  J),  which  can  be  moved  up 
or  down  so  that  the  cones  B  or  0 
may  be  alternately  brought  into  con- 
tact with  the  other  cone  A,  which  is 
fixed  to  its  shaft.  Suppose  A  to  be 
the  driver ;  then,  when  it  is  in  con- 
tact with  B,  the  shaft  D  D  will  be 
turned  in  one  direction,  and  when  in 
contact  with  C  it  will  be  rotated  in 
the  opposite  way.  The  spindle  or 
shaft  DD  may,  however,  be  driven 
by  a  belt  or  toothed  gearing,  and  con- 
sequently when  A  is  in  contact  with 
B,  it  will  be  turned  in  one  direction 
and  when  in  contact  with  0  it  will 
be  rotated  in  the  opposite  way.  This  device  is  frequently  used 
in  connection  with  governors  for  engines,  in  order  to  lengthen  or 


Fbiction  Cone  Keveesing 
Geab. 


whitwokth's  keversing  geae. 
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shorten  the  rod  to  the  throttle  valve  or  cut-off  gear  and  thus 
enable  the  governor  balls  to  regain  their  normal  position,  without 
altering  the  quantity  of  steam  being  admitted. 

If  we  require  to  transmit  more  force  than  the  friction  between 
the  cones  will  effect  without 
slipping,  then  we  must  substi- 
tute toothed  bevel  wheels  for 
plain  cones.  In  such  a  case,  if 
the  speed  and  stress  were  con- 
siderable the  sudden  engagement 
of  the  wheels  on  one  side  or  the 
other  would  be  apt  to  damage 
the  teeth;  hence,  it  is  usual 
with  steam  cranes,  winches, 
windlasses,  screwing  gear,  <fec., 
to  have  B  and  C  free  to  rotate 
upon  their  shaft  D  D,  and 
always  in  gear  with  A,  as  shown 
by  the  second  figure.  The  re- 
versal in  this  case  is  effected  by 
means  of  the  clutch  E,  which 
can  be  slid  along  a  feather  on 
the  shaft  by  the  lever,  so  as  to 
engage  B  or  0  and  thus  make 
it  turn  with  the  shaft.  It  will 
be  easily  seen  that  the  direction  in  which  A  wiU  rotate  depends 
upon  whether  B  or  C  is  locked  to  the  shaft  D  D. 

Whitworth's  Reversing  Gear. — Another  modification  of  this 
gear  is  that  made  by  Sir  Joseph  "Whitworth  &  Ob.  for  planing 
machines.  In  this  case,  the  reversal  is  effected  by  shifting  the 
driving  belt  by  the  fork  B  F,  from  the  forward  pulley  F  P  to  the 
backward  one  B  P.  The  latter  is  cast  in  one  piece  along  with  or 
keyed  to  the  boss  of  the  bevel  wheel  B  Wj,  which  runs  loose  on 
the  shaft  S ;  whilst,  the  former  and  also  B  W^  are  rigidly  con- 
nected to  this  shaft.  A  loose  pulley  L  P  is  placed  between  the 
forward  and  backward  ones  in  order  to  facilitate  the  shifting  of 
the  belt  from  the  one  to  the  other  and  to  carry  the  belt  when  the 
machine  is  not  at  work.  The  table  T  upon  which  is  placed  the 
casting  or  other  material  to  be  operated  upon,  has  a  strong  nut 
fixed  upon  its  under  side,  and  is  moved  along  the  bed  or  slide  T  S 
by  the  driving  screw  D  S.  This  screw  is  keyed  to  the  bevel 
wheel  B  W3  and  is  consequently  driven  in  a  forward  or  backward 
direction  according  as  the  belt  is  on  FP  or  BP.  In  order  to 
save  the  time  that  would  otherwise  be  w£|,sted  if  the  cutting  tool 


Bevel  Wheel  and  Clutch 
Ebveesing  Gbah. 
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was  SO  fixed  as  to  cut  in  one  direction  only,  Sir  Joseph  Whitwoith 
designed  a  cylindrical  revolving  tool-holder,  which  automatically 
turns  the  tool  half  round  at  the  end  of  each  stroke  of  the  table. 
The  reversal  of  the  motion  of  the  table  is  automatically  effected 
by  its  pushing  the  reversing  stops  R  Sj  (and  R  Sj  not  shown  in  the 
figure)  as  it  nears  the  end  of  a  stroke.     These  stops  are  fixed  in 


Whitwoeth  Ebvebsing  Gbab. 


such  positions  upon  a  rod  connected  to  the  reversing  levers  E.  L, 
as  to  shift  the  belt  fork  at  the  proper  time  and  thus  give  the 
required  length  of  stroke. 

Quick  Return  Reversing  Motion. — Another  form  of  re- 
versing motion,  used  for  planing  machines  which  only  cut  one 
way,  is  made  up  of  a  train  of  spur  wheels  and  a  rack  R.  As  in 
the  previous  case,  there  are  three  belt  pulleys,  each  of  the  outer 
ones  being  connected  to  a  separate  pinion.  One  of  these  pinions, 
D  Pj,  drives  the  rack  on  the  planing  table  through  a  spur  wheel 
F^  and  pinion  P  fixed  on  an  intermediate  shaft ;  the  other,  D  Pj, 
which  is  connected  with  F  P,  transmits  its  motion  through  another 
pair  of  wheels  F,  and  D,.  This  will  cause  the  rack  and  table  to 
move  in  the  opposite  direction,  and  as  these  wheels  are  made  of 
unequal  sizes,  the  motion  is  also  slower  than  when  driving 
through  D  P,.    This  slower  motion  is  used  for  the  cutting  stroke 


whitworth's  quick  return  motion. 
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and  the  quicker  one  for  the  return  stroke.  The  reversal  is 
effected  by  shifting  the  belt  from  F  P  to  B  P,  or  vice  versd,  as  in 
the  Whitworth  gear. 


c-^ 


Quick  Ebtubn  Reversing  Geae  for  Planing  Machines. 

Whitworth's  Quick  Beturn  Motion. — In  a  shaping  or 
slotting  machine  the  table  carrying  the  work  is  fixed  and  the  tool 
moves  over  it,  cutting  in  one  direction  only.  In  such  a  case,  the 
tool  usually  obtains  a  reciprocating  motion  from  a  compound 
orank,  so  arranged  as  to  give  a  quicker  return  stroke  in  order  to 


Return   Strok 


Quick  Return  Motion. 


save  time.  Looking  at  the  above  diagrammatic  figure,  A  and  B 
are  two  fixed  points  and  0  is  a  point  connected  to  the  tool-holder, 
so  guided  as  to  move  along  L  M  at  right  angles  to  A  B,     A  crank 
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D  B  E,  centred  at  B,  has  its  outer  end  joined  to  C,  by  the 
connecting-rod  EC.  A  second  crank  A D  rotates  round  A  and 
drives  the  first  by  having  a  pin  at  D  which  moves  in  a  slot  B  D. 
Now,  when  D  is  at  the  position  Q,  C  will  be  at  the  extreme  left 
of  its  stroke ;  and  when  D  is  at  F,  C  will  be  at  the  other  end  of 
its  stroke.  Hence,  if  A  D  rotates  uniformly  in  the  direction  of 
the  arrows ;  C  will  make  its  cutting  stroke  from  left  to  night 
while  D  is  moving  round  G  K  P ;  but  during  its  return  stroke  D 
only  requires  to  move  round  E  H  Gr.  The  return  stroke  will 
therefore  occupy  less  time  than  the  cutting  stroke  in  the  same 
ratio  as  the  arc  P  H  G  is  less  than  the  arc  G  K  F. 

Sir   Joseph    "Whitworth    applied    this    principle    to  shaping 
machines  in  the  manner  shown  by  the  next  figure,  which  has  the 


Whitworth's  Quick  Return  Motion  for  Shaping  Machines. 


same  lettering  for  corresponding  parts  as  the  previous  one. 
Here,  the  crank  A  D  is  obtained  by  putting  a  pin  D  on  a  toothed 
wheel  which  rotates  freely  on  Afiaxd  shaft  S,  whose  centre  is  at  A ; 
and  the  crank  D  B  E  is  supported  by  a  pin  in  a  hole  bored  at  B 
in  the  end  of  this  shaft.  In  the  back  of  this  crank-piece  there  is 
a  slot  B  D  in  which  D  can  slide,  and  in  the  front  another  slot  B  E 
in  which  E  can  be  clamped  in  any  position  so  as  to  adjust  the 
length  of  B  E  and  thus  give  the  required  travel  to  the  tool.  The 
large  wheel  is  driven  uniformly  by  a  pinion  P  connected  with  the 
belt  pulley.* 

*  Students  who  desire  further  information  on  machine  tools  such  as 
drilling  and  milling  machines  or  on  measuring  appliances  should  refer  to 
Professor  Shelley's  "WorkshopAppliances," Professor  Goodeve's  "Elements 
pf  Mephanism,"  and  Lineham's  "  Text-book  of  Mechanical  Engineering,"  &c. 
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Whitworth's  Slotting  Machine.*  —  The  following  side 
elevation  of  Sir  Joseph  Whitworth  &  Co.'s  slotting  machine 
will  serve  to  show  how  their  quick  return  motion  is  practically 
applied.  The  driving  stepped  cone  D  0  receives  its  motion 
from    a  corresponding    overhead   cone   fixed   to  the  workshop 


WniTwoETH's  Slotting  Machine. 


shafting.  Its  motion  is  in  turn  communicated  to  the  com- 
pound crank  EBD  (just  described  and  illustrated  by  the  two 
preceding  figures)  through  the  toothed  drivers  and  followers 
D„  F, ;  Dj,  Fj ;  Dj,  Fj.  The  quick  up  and  slow  down  motion  of 
the  vertical  slide  bar  V  S,  with  its  tool-holder  T  H,  is  obtained 
from  the  compound  crank  through  the  connecting-rod  C  E.  The 
table  T,  upon  which  the  metal  to  be  slotted  is  bolted,  may  be 
shifted  by  hand  levers  or  automatically  moved  to  and  fro,  cross- 

*  The  above  figure  is  reduced  from  a  lithographed  drawing  which 
appears  in  Mr.  Lineham's  book  on  "  Mechanical  Engineering,"  to  which 
students  may  refer  for  further  views  and  details. 

&  9 
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wise  and  turned  at  pleasure,  by  the  feed  gearing  F  G,  actuated  by 
a  ratchet  at  E.  This  ratchet  has  a  reversible  click  of  the  kind' 
illustrated  in  the  previous  lecture  and  it  is  driven  by  a  rod  from 
the  feed  cam  FC.  The  whole  of  the 
moving  parts  are  supported  by  a  strong 
heavy  bed  plate,  cast  in  one  piece  with 
the  upright  framing  so  as  to  prevent 
vibration  in  the  material  being  oper- 
ated upon  or  chattering  of  the  cutting 
tool. 

Common  Quick  Return. — Another 
form  of  quick  return  very  often  used 
for  shaping  and  slotting  machines  is 
based  on  the  mechanism  of  the  oscillat- 
ing steam-engine.  A  crank  A  C  rotates 
uniformly  and  imparts  motion  to  a 
slotted  arm  B  F.  This  arm  will  have 
its  extreme  positions  at  B  H  and  B  K. 
It  will  therefore  make  its  forward  and 
back  swings  while  C  is  moving  round 
HDK  and  KEH  respectively,  and 
hence  it  has  the  quick  return  motion 
desired  for  the  tool.  The  tool-holder 
is  connected  by  a  rod  to  such  a  point 
in  B  F  as  will  give  the  required  travel. 
Horizontal  Shaping  Machine. — The  following  illustration 
shows  a  shaping  machine  with  this  gear  for  driving  the  cutting 


H;.,. 


Common  Quick  Return 
POB  Slotting  Machine. 


SHAPINO  Machine  with  Quick  Return  by  MfissKS, 
Seug  Sonnenthal  &  Co.,  London. 
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tool.  The  work  is  fixed  in  a  vice  mounted  on  a  table  at  the  front 
of  the  machine,  and.  this  tablei  can  be  moved  up  and  down  by  a 
rack  or  screw,  and  traversed  along  the  bed  in  either  direction, 
backwards  and  forwards  by  ai  screw.  The  tool-holder  moves 
inwards  and  outwards  over  this  vice  and  is  provided  with  a 
screw  for  moving  the  tool  verticaUy  and  a  worm  for  adjusting 
its  inclination.  The  gear  for  driving  the  tool  is  actuated  by  a 
sliding  pinion  on  a  shaft  which  lies  along  the  whole  length  of  the 
back  of  the  machine  and  is  driven  by  a  stepped  cone  pulley.  The 
feed  of  the  tool-holder  towards  the  left  or  right,,  is  effected  by  a 
nut  and  screw  underneath.  This  screw  is  worked  by  a  ratchet 
seen  to  the  right,  in  a  similar  way  to  that  described  for  the 
previous  machine. 

Quick  Return  with  Elliptic  Wheels. — Vertical  Slotting 
Machine. — We  illustrate  another  slotting  machine  which  has  a 
different    method 

of     obtaining     a  ^-^      °      ^''-^  D 

quick  return.  In 
this  machine,  the 
moving  bar  is  ac- 
tuated by  a  simple 
crank,  but  this 
crank  is  driven 
at  different  speeds 
for  the  cutting  and 
return  strokes  by 
the  following  de- 
vice. One  portion 
of  the  circumfer- 
ence of  the  wheel 
on  the  crank-piece 
is  part  of  an  ellipse 
A  C  B,  and  the 
other,  B  D  A,  is 
circular.  The  wheel  for  driving  this  has  an  elliptical  part  EOF, 
and  a  complete  circle.  B  H  F  G.  Suppose  B  and  F  to  be  in  contact. 
Then,  as  the  lower  wheel  moves  round,  the  two  ellipses  keep  in 
contact  ■  until  A  and  E  come  together.  The  two  shafts  thus 
make  about  half  a  revolution  in  the  same  time.  The  circular 
wheels  now  come  into  gear,  and  the  lower  wheel  must  make  one 
and  a  half  turns  while  the  upper  rotates  through  its  second  half. 
Thig  will  bring  B  and  F  again  into  contact  and  the  whole  process 
repeats  itself.  The  quicker  motion  with  the  elliptical  wheels  is 
used  for  the  upward  stroke  and  the  slower  motion  from   the 


Elliptic  Wheels  foe  Quick  Eetuen. 
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circular  wheels  for  the  downward  or  cutting  stroke.     By  looking 

at  the  side  elevation,  and  at  the  view  of  the  complete  machine, 

it  will  be  seen  that  the  circular  parts  of  the  wheels  D  B  and  H  G 

are    placed    to    the 

left  of  the  elliptical 

parts,  B  C  and  0  P  ; 

and    how,    at    each 

junction  B  and  P  of 

the  two  portions,  one 

tooth  stretches  right 

across  both  of  them 

so  as  to  give  a  steady 

connected      motion. 

Also,  how  the  smooth 

part   A  K  B    of   the 

upper  elliptic  wheel 

is  cut  away  to  clear 

the     point     of     the 

other  ellipse  during 

those  revolutions  in 

which  the  circles  are 

in  gear.    From  what 


Vbktical  Slotting  Machine  by  Messes.  T.  Shanks  &  Co., 
Johnstone. 


has  already  been  said  about  the  other  machines  the  student  will 
easily  understand  the  working  of  this  one.  He  should,  however, 
notice  that  the  moving  bar  has  a  counterbalance  to  relieve  the 
gearing  from  the  weight  of  the  sliding  bar,  also  to  reduce  the 
driving  force  required  for  the  upstroke  and  to  prevent  any  sudden 
drop  of  the  tool  on  the  work  which  rtaj  be  placed  upon  the  table. 
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Lbcturb  VII.— Questions. 


1.  Illustrate  and  explain  the  form  of  reversing  gear  you  would  employ 
for  a  steam  winch  in  which  the  engine  shaft  always  runs  one  way. 

2.  Show  a  method  of  applying  a  self-acting  motion  for  reversing  the 
motion  of  the  table  of  a  planing  machine  when  a  screw  is  employed  for 
driving  it. 

3.  Describe,  with  a  sketch  and  index  of  parts,  some  form  of  quick 
return  gearing  suitable  for  a  planing  machine,  the  movement  being 
obtained  by  a  combination  of  pulleys  and  spur  wheels. 

4.  Sketch  and  describe  an  arrangement  for  driving  the  table  of  a  planing 
machine  by  means  of  a  screw,  so  that  the  table  may  travel  50  per  cent, 
faster  in  the  return  than  in  the  forward  or  cutting  stroke.  Why  is  a 
square  threaded  screw  employed  in  such  a  machine? 

5.  Sketch  and  describe  an  arrangement  of  mechanism  for  reversing  the 
table  in  a  screw  driven  planing  machine.  In  what  way  can  a  quick  return 
of  the  table  be  obtained  in  such  a  machine  1 

6.  Sketch  and  describe  a  good  form  of  slow  forward  and  quick  return 
for  a  shaping  machine. 

7.  Describe,  with  sketches,  a  planing,  a  slotting,  or  a  shaping  machine, 
showing  clearly  how  the  cutting  and  feeding  motions  are  effected. 

8.  Sketch  and  describe  the  mechanism  for  feed  motions : — (i)  In  a 
machine  where  there  is  a  reciprocating  movement,  as  in  a  planing 
machine  ;  (2)  where  there  is  a  continuous  movement,  as  in  a  machine  for 
boring  cylinders. 

9.  Sketch  and  describe  a  vertical  slotting  machine  with  quick  return 
elliptical  gear.  Give  a  separate  diagram  and  ezplauation  of  the  elliptical 
gear. 

10.  Sketch  and  describe  the  arrangement  of  mechanism  by  which  tha 
tool  of  a  planing  machine  is  traversed  across  the  slide  of  the  machine  at 
each  stroke  of  the  table.    (B.  of  E.,  1900.) 

11.  De,°cribe,  with  sketches,  the  mechanism  for  giving  an  automatic 
feed  to  the  cutting  tool  of  a  lathe  or  shaping  machine,  and  how  it  is  put 
in  or  out  of  action,  and  the  amount  of  feed  varied.    (B.  of  E.,  1902.) 

12.  Describe,  with  sketches,  two  quick  return  motions  for  driving  the 
table  of  a  planing-machine — one  in  which  the  quick  return  is  obtained  by 
belting,  and  the  other  in  which  it  is  obtained  by  ordinary  gearing. 

(C.  &  G.,  1903,  0.,  Sec.  A.) 

13.  The  mechanism  of  the  ordinary  direct-acting  engine  is  used  as  a, 
quick  return  motion  for  a  small  shaping  machine  by  simply  placing  the 
crank  shaft  centre  below  the  line  of  stroke,  instead  of  in  the  line  of  stroke 
produced.  The  crank  radius  is  if  ins.,  the  connecting  rod  is  7  ins.  long, 
and  the  centre  of  the  crank  shaft  is  3J  ins.  below  the  line  of  stroke.  Find! 
graphically,  the  stroke  and  the  time  ratio  of  the  return  and  cutting  strokes 
—  the  crank  shaft  being  supposed  to  rotate  uniformly. 

Am.  Length  of  stroke  =  4J  inches ;  Time  ratio  =  i  to  i  "2. 

(O.  &  G.,  1903,  0.,  See.  A.J 
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r4.  Describe,  with  the  aid  of  sketches,  the  mechanism  known  as  the 
crank  and  slotted  lever  used  to  give  a  quick  return  motion  to  the  tool  of  a 
shaping  machine ;  and  if  the  crank  radius  is  half  the  distance  between 
the  fixed  centres,  find  the  ratio  of  the  times  occupied  in  performing  the 
cutting  and  return  strokes.  The  crank  shaft  may  ne  supposed  to  rotate 
uniformly,  and  the  obliquity  of  the  connecting-rod  to  the  line  of  stroke  of 
the  tool-box  neglected.     (C.  &  G.,  1904,  O.,  Sec.  A.) 
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LECTURE   VIIT. 

Contents. — Friotional  Resistances  and  Efficiencies  of  Machines  in  General 
— Example  I. — Application  to  the  Steam  Engine— Efficiency  of  a 
Reversible  Machine — Example  II. — Movable  Hydraulic  Cranes — 
Movable  Electric  Crane — Details  of  Hoisting  Brake  and  Levers  for 
Working  the  3-Ton  Electric  Crane— Abstract  of  Report,  Tables  and 
Curves  on  Comparative  Trials  for  Efficiency  of  3-Ton  Hydraulic  and 
Electric  Cranes — Relative  Cost  of  Hydraulic  and  Electric  Power — 
Crane  Tests— Explanation  of  Efficiency  Curves — Electric  Cranes  for 
Manchester  Ship  Canal — Questions. 

Frictional  Resistances  and  EfSciencies  of  Machines  in  General. — 
In  Lecture  VII.,  Vol.  I.,  we  showed  how  to  calculate  the  work  lost 
in  friction  in  the  cases  of  plane  and  cylindrical  surfaces.  As  these 
are  the  principal  kinds  of  rubbing  surfaces  in  machinery,  we  might, 
if  we  knew  the  exact  pressures  between  the  various  surfaces,  cal- 
culate the  total  frictional  losses  and  thus  find  the  efficiency  of  the 
machine.  But  there  are  other  losses  of  work  during  its  trans- 
mission, such  as  the  bending  of  ropes,  belts,  chains,  &c.,  which  it  is 
almost  impossible  to  calculate  with  exactness.  Even  if  we  could 
calculate  all  these  various  losses,  the  task  would  be  a  most  tedious 
and  unprofitable  one.  Hence,  in  finding  the  efficiency  of  any 
machine,  we  have  recourse  to  direct  experiment  on  the  machine 
as  a  whole,  the  results  of  which  furnish  us  with  data  from  which 
we  can  determine  the  exact  efficiency.  In  general,  however,  a 
machine  will  not  have  the  same  efficiency  when  working  under 
diflferent  loads,  owing  to  the  fact  that  the  frictional  and  other 
resistances  are  not  proportional  to  the  efforts  and  loads.  To  make 
this  clearer,  suppose  we  take  the  case  of  a  steam  engine.  Here 
the  friction  between  the  piston  and  its  cylinder,  the  piston-rod, 
valve  rods,  (fee,  and  their  stuffing  boxes,  as  well  as  the  friction  at 
the  journals  due  to  the  weights  of  the  flywheel  and  shaft,  are, 
severally,  constant  in  amount,  whether  the  engine  be  developing 
full  power  or  running  light.  Hence,  in  all  machines  there  is  a 
certain  proportion  of  the  frictional  and  other  resistances  constant, 
whatever  be  the  magnitude  of  the  eSort  and  the  load.  This 
(as  just  explained  in  the  case  of  the  steam  engine)  is  due  to 
forces  between  the  parts  of  the  machine  itself,  such  a.s  the  weights 
and  inertia  of  the  moving  parts,  or  the  resistances  oflTered  to  the 
bending  and  stretching  of  parts,  and  which  have  little  or  no  con- 
nection with  the  eflTort  exerted  or  the  load  overcome.  From  these 
facts  we  see  that  the  lost  work  will  be  proportionally  less,  and  the 
useful  work  proportionally  more  the  greater  the  total  work 
expended.  In  other  words,  the  efficiency  of  a  machine  tuill,  in 
general,  he  higher  the  greater  the  load.  This  statement,  however, 
is  not  true  for  hydraulic  and  other  machines  where  fluid  resistances 
occur,  or  where  the  speed  of  the  machinery  is  very  great.     As  will 
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be  seen  later  on,  fluid  resistances  increase  very  rapidly  with  the 
speed.  In  high-speed  machinery  the  effects  of  the  inertia  of  the 
moving  parts  introduce  other  serious  losses  which  must  not  be 
ignored  when  calculating  their  efficiency. 

[      The  "  Principle  of  Work,"  when  applied  to  a  machine,  has 
already  been  written  in  the  form  : — 

Total  work  expended  —  Useful  work  done  +  Lost  work. 

Or,  Wt  =  Wtj  +  Wl  [see  eqn.  (I.),  Lect.  IV., Vol.  I.] 

The  last  term,  "Wi,  is  made  up  of  two  distinct  parts — one  part 
depending  on  Wi  and  Wjj,  and  a  second  part  which  is  constant, 
and,  therefore,  independent  of  Wx  and  Wxj.  Hence,  we  may 
put  :— 

Wl  =  /tiWT  +  f'2Wv+  O. 

Where  /j,^  fi^  are  numerical  coefficients,  and  /ttj  Wt,  /i,^  Wjj  are  the 
frictional  resistance  due  to  the  effiirt  and  load  applied;  while  G 
represents  an  amount  of  lost  work  which  is  constant  for  the  same 
machine, 

Wt  =  Wu  +  /ij  Wt  +  /t^  W^  +  0. 
Or,  (l-/ii)WT=  (l  +  />t2)Wu+  C (I) 

This  is  a  general  equation  for  the  "  Principle  of  Work "  as 
applied  to  machines.  In  most  machines  the  coefficient,  fiu^,  which 
depends  on  the  effort,  Q,  must  necessarily  be  very  small,  and  may 
sometimes  be  neglected. 

Dividing  both  sides  of  the  equation  (I)  by  (1  -  /j^)  we  get : — 

Or,  Wt  =  (1  +  /)  Wu  +  F (II) 

Where  /=  (^ -]  and  F  =  (^ 1  are  new  constants  de- 

•'        \l  -  M-iJ  \l       V 

rived  from  the  old  ones,  as  shown. 

For  some  purposes,  it  is  more  convenient  to  write  equation  (II) 
in  the  following  forms  : — 

Wt  =  A  Wd  +  F (Ill) 

Or,  Qx  =  kWy  +  ¥ (IV) 
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Where  (as  in  Lecture  IV„  Vol.  I.)  as  and  y  are  respectively  the 
displacements  of  the  effort  Q  and  the  load  W,  in  a  given  time.  ^ 

Suppose  the  machine  to  run  light.  Then  W  =  0,  and  Q^  is 
the  effort  required  to  drive  the  machine. 

From  equation  (IV),  we  get : — 

That  is,  F  represents  the  work  done  in  driving  the  machine 
unloaded. 

Dividing  both  sides  of  this  equation  by  x,  we  get : — 

This  is  the  effort  required  to  drive  the  machine  light. 

Substituting  the  above  value  for  F,  in  equation  (IV),  we  get : — 

Q  a:  =  A  Wy  +  Qo  x. 
Or,  Q  =  A  W  ^  +  Qo 

X 

Q  =  A  W  I  +  Qo (V) 

This  is  a  general  equation  connecting  the  effort  Q  and  the  load 

V    . 
W  for  any  machine.      Since  the  velocity  ratio,  — ,  is  constant 

for  the  same  machine,  we  might  write  the  last  equation  in  this 
convenient  form  : — 

Q  =  K  W  +  Q„ (VI) 

/V 
— ,  and   can  be   found   by   experiment  for  any 

machine. 

Example  I. — In  an  ordinary  block  and  tackle  having  three 
sheaves  in  the  upper  and  two  in  the  lower  block,  it  is  found 
by  experiment  that  a  force  of  11  lbs.  is  required  to  lift  a  weight 
of  40  lbs.,  and  a  force  of  24|  lbs.  to  lift  a  weight  of  100  lbs. 
Find  a  general  expression  for  the  relation  between  Q  and  W  in 
this  arrangement,  and  the  weight  which  could  be  raised  by  a  force 
of  56  lbs.  Find,  also,  the  efficiency  of  the  machine  in  all  three 
cases,  and  the  actual  mechanical  advantage. 

Answer. — The  general  relation  between  Q  and  "W  must  be  of 
the  form : — 

Q  =  K  W  +  Qj. (1) 
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From  the  results  of  the  first  experiment,  we  get : — 

11  =  40K  +  Qo (2) 

And  from  the  results  of  the  second  experiment,  we  get : — 

24J  =  100  K  +  Qo (3) 

(3)-(2)  13^  =  60  K, 

120      40 
Substituting  this  value  of  K  in  equation  (2),  we  get : — 

9^ 

40 


11  =  j^  X  40  +  Qo, 


Qo  =  2  lbs. 

Or,  the  effort  required  to  drive  the  machine  light  is  2  lbs. 

Substituting  the  values  of  K  and  Qq  in  equation  (1),  we  get : — 

Q  =  ^W+2 (4) 

which  is  the  general  formula  required. 

To  find  the  weight  which  could  be  lifted  by  an  effort  of  56  lbs., 
we  substitute  this  value  in  equation  (4),  and  get : — 

56  =  Iq  W  +  2, 

W  =  5i^  =  240  1bs. 

The  efficiency  of  the  machine  in  any  case  is  found  from  the 
usual  formula,  viz.  : — 

—jy.  .  Useful  work  done         _   W  y        W    v 

JSJIicienGy  =  Total  work  expended  =  "Q^  =   Q   V" 

Since  there  are   five  ropes  supporting  the  weight,  W,  in  this 
system  of  block  and  tackle,  it  is  clear  that : — 


V  ~  5" 

1  W 
Efficiency  =  s  tt" 


(3) 
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When  raising  the  weight  of  40  lbs.,  we  get : — 

1        40 
Efficiency  =  5  x   rr  =  "727,  or  727  per  cent.     (1) 

When  raising  the  weight  of  100  lbs.,  we  get : — 

Efficiency  =  ^  x  ^  =  -816,  or  81-6  per  cent.     (2) 

When  raising  the  weight  of  240  lbs.,  we  get : — 

Efficiency  =  g  x  "W  =  "857,  or  85-7  per  cent. 

The  student  should  notice  how  the  efficiency  increases  as  the 
load,  W,  is  increased. 

The  actual  advantage)  _  W   _   40  _  „  .,- 
w}ien  raising  40  lbs, )  ""  ^   ~    IT  ~ 

By  multiplying  the  numbers  expressing  the  efficiencies  by  6 
(the  number  of  ropes  attached  to  the  lower  block),  we  get  the 
actual  mechanical  advantage  in  each  case. 

Application  to  the  Steam  Engine. — Since  the  above  reasoning  is 
applicable  to  all  machines,  when  the  frictional  resistances  are  not 
greatly  influenced  by  speed,  &c.,  we  may  here  show  its  application 
to  the  steam  engine. 

Let  pm  —  Mean  pressure  on  piston  in  lbs.  per  square  inch. 

„  pv,  =  Mean  pressure  per  square  inch  (being  part  of  pm) 
required  to  overcome  the  useful  load,  W. 

„  yf  =  Mean  pressure  per  square  inch  required  to  drive 
the  engine  when  unloaded,  or  simply  the  "fric- 
tion pressure  "  per  square  inch. 

V 

Since,  —  or  the  velocity  ratio  does  not  enter  into  this  case, 

and  all  the  pressures  are  considered  as  acting  on  the  same  piston, 
we  get  from  equation  (V)  : — 

Pm  =  kpu  +  pf. 

By  experiment  it  is  found  that  the  constant  p/,  called  the 
"Friction  Pressure,"  has  a  value  between  1  and  \\  lbs.  per 
square  inch,  in  ordinary  land  engines,  and  about  2  lbs.  per  square 
inch  in  marine  engines.  The  valu6  oik  is  about  I'lS,  but  varies 
with  both  size  and  speed  of  engine.  In  large  or  high-speed  engines, 
k  is  often  less  than  1-15,  though  it  can  never  be  less  than  1. 
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Efficiency  of  a  Reversible  Machine. — The  student  will  have 
noticed,  from  the  Table  of  Efficiencies  in  Lecture  II.,  Vol.  I.,  the 
great  difference  in  the  efficiencies  of  such  machines  as  the  ordinary 
block  and  tackle  and  the  Weston's  pulley  block.  In  the  examples 
worked  out  at  the  end  of  Lecture  IV.,  Vol.  I.,  it  was  proved  that 
the  efficiency  of  the  former  machine  may  be  as  high  as  75  per  cent,, 
while  the  efficiency  of  the  latter  never  reaches  50  per  cent.,  and 
seldom  exceeds  40  per  cent.  He  also  knows  that  when  the 
efficiency  of  any  machine  is  less  than  50  per  cent,  it  will  not 
reverse,  even  if  the  hauling  force  or  effort  be  withdrawn.  Hence 
the  difference  in  the  working  of  the  two  machines  just  mentioned. 
The  "  block  and  tackle  "  is,  under  ordinary  conditions,  a  reversible 
machine  (i.e.,  the  load  at  the  lower  block  is  capable  of  overcoming 
a  smaller  load  at  the  hauling  part  of  the  rope),  while  the  Weston's 
pulley  block  will  not  reverse  even  when  the  hauling  force  is 
entirely  withdrawn.  To  lower  the  load  with  a  Weston's  block 
a  force  has  to  be  applied  to  the  opposite  part  of  the  hauling 
chain  from  that  at  which  the  effort  had  to  be  applied  when  raising 
the  load. 

The  screw,  wedge,  and  worm-wheel  arrangements  are,  generally 
speaking,  examples  of  non-reversible  machines.  In  fact,  their 
usefulness  depends  to  a  large  extent  on  this  condition. 

We  can  now  show  that  the  efficiency  of  a  machine,  when  work- 
ing reversed,  is  not  the  same  as  when  working  in  the  usual  way. 
Further,  if  the  efficiency  of  any  machine  be  less  than  '5  or  50 
per  cent.,  it  is  not  reversible. 

We  have  seen  that  in  any  direct  working  machine  the  "  Prin- 
ciple of  Work  "  takes  the  form  : — 

(1  -  /ti)  Wt  =  (1  -I-  /itj)  Wxr  +  0.  [equation  (I)] 
Or,  (l-/*i)Qa:  =  (l  +  ^,)W2/  +  C      .     .     .     .     (1) 

where  the  coefficients,  fi-i  and  /tg,  have  the  meanings  already 
assigned  to  them,  and  0  represents  a  quantity  of  work  absorbed  in 
the  machine,  but  which  is  independent  of  both  Q  and  W. 

Now,  suppose  we  gradually  diminish  the  effort,  Q,  until  the 
machine  reverses.  When  this  takes  place,  let  the  new  value  of  Q 
be  denoted  by  w,  so  that  the  new  load  is  w,  and  the  original  load, 
W,  becomes  the  new  effort.  The  above  relation  being  still 
approximately  true,  we  only  require  to  substitute  the  new  values 
for  the  new  effort  and  load.  At  the  same  time  it  must  be  observed 
that  the  coefficients,  jUj  and  //.^,  are  taken  along  with  their  proper 
terms,  w  x  and  W  y;  i.e.,  /ji^wxia  the  lost  work  due  to  new  load, 
w,  while  /*j|  W  y  is  lost  work  due  to  new  effort  or  original  load,  W. 
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Then  :— 

(1     ^2)Wy  =  (l+/ti)wa:  +  C.    ....    (2) 

Now  subtracting  equation  (2)  from  (1),  in  order  to  eliminate  C, 
we  get : — 

(l-/ti)  Qa!-(l-/62)Wy  =  (l+Ai^)  W2/-(l+/ii)w« 

Dividing  both  sides  by  (1  +  /i^  and  W  y,  we  get : — 

tax   _  2  f^  ~  /"A  Q * 

Useful  work  done  in  raising  U7 

Emctency  when  reversed  =  _  ,  . z r-^r; — 5ir~« 

-'  ^  Total  work  expended  by  W 

wx 
"  "  Wy' 

2_  _  n-f^\  Qx 

^  -1+A»j       \l+^)Wy- 

But  -^=— ^  =  ^^^  original  efficiency  of  the  machine,  or  efficiency 

v^  X 

when  working  in  the  usual  manner. 

.'.    Eflficiency  of  Machine )  _     2      _  /l-/ij\  ^  1        (vil> 
when  Reversed      /      1  +  /*!      \1  +  f^J     i 

where  »j  denotes  the  original  efficiency  of  the  machine. 

It  is  clear  that  the  machine  will  not  reverse  unless  the  above 
efficiency  be  greater  than  0 — 

2  n  -  fb,\      1 

i.e.,  unless   .     .    j-^  -  (^fTT^j '^  ",  >  ^^ 

1  +  /t,  ^  \i  +  jd,/ 


unless 


i.e.,  unless 1x*i(l~  i"*!)- 


Consequently,  the  machine  will  not  reverse  until  the  original 
efficiency,  ij,  be  greater  than  J  (1  -  /tj),  and,  if  it  be  less  than  this, 
it  will  not  reverse  even  if  the  original  hauling  force,  Q,  be  entirely 
withdrawn.  For,  if  >)  =  J  (1  -  f-^,  the  efficiency  of  the  machine 
when  reversed  would  vanish  (as  may  be  seen  by  substituting  this 
value  in  equation  (VII) ).  If  jj  <  J  (1  -  lU^),  the  efficiency  would 
be  negative,  which  is  absurd. 
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We  have  already  stated  that  in  most  machines  the  friction,  ti^, 
is  very  small,  aDd  may  be  neglected.  Hence  we  get  the  important 
statement  that 

A  machine  will  not  reverse  even  when  the  hanling  force  is 
entirely  withdrawn,  if  the  efficiency  is  less  than  ^  or  50  per  cent. 

Example  II. — Apply  the  "Principle  of  Work"  to  calculate  the 
relation  between  P  and  W  in  the  screw  lifting  jack,  fitted  with 
screw  and  worm-wheel  gear.  The  handle  which  works  the  jack 
has  a  radius  of  14  inches,  pitch  of  screw  1  inch,  number  of  teeth 
on  worm-wheel  20,  and  the  worm  is  double  threaded;  find  the 
force  which  must  be  applied  at  the  end  of  the  handle  in  order  to 
raise  a  weight  of  4  tons,  friction  being  neglected.  If  the  actual 
force  required  to  raise  this  weight  be  40  lbs.,  what  is  the  efficiency 
of  the  apparatus  f 

Answer.  —  Let  L  =  length  of  handle,  p  =  pitch  of  screw, 
N  =  number  of  teeth  on  worm-wheel,  n  —  number  of  threads  on 
worm. 

(i)  Suppose  the  handle  to  make  one  complete  turn.  Then, 
since  there  are  n  threads  on  the  worm,  and  N  teeth  on  the  worm- 
wheel,  it  is  clear,  that  for  one  turn  of  the  handle,  the  worm-wheel, 

jrhich  forms  the  nut  of  the  screw,  will  have  made  =^  part  of  a 

complete  turn.      Hence  the  weight,  W,  will  have  been  raised 

through  a  height  =^  x  p. 

.".    By  the  Principle  of  Work,  we  get : — 

P  X  its  displacement  =  W  x  its  displacement. 

Px2a-L  =  Wx^xp, 
P  np 


W       2tLN" 

(2)  In  the  example  p  =  \",Jj  =  14",  »i  =  2,  N  =  20,  W  =  4  x  2,240 
lbs. 

P  =  4  X  2,240  X  ^  "  ^ lbs., 

2  X  Y  X  14  X  20 

„  =  1018  lbs. 

P         10*18 
f3)  Efficiency  =  -=r-  =   ■  =  '2545,  or  2545  percent 
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Movable  Hydraulic  Cranes. — The  following  extracts  from  the 
"General  Specification"  by  Mr.  George  H.  Baxter,  Chief 
Mechanical  Engineer  to  the  Clj^ye  Navigation  Trustees,  are 
herewith  reproduced  along  with  the  accompanying i  reduced, 
drawings,  in  order  to  enable  the' student  to;form  an  idfea  of  the- 
main  requirements  fulfilled  by  these  double-power  5  and  3-ton 
hydraulic  cranes  at  the  Prince's  "Dock,  Glasgow.  The  cranes 
were  made  by  A.  Chaplin  &  Co.,  Mechanical  Engineers,  Govan, 
and  have  been  constantly  in  use  since  1898.  Interesting  com- 
parative tests  were  made  in  March,  1903,  between  one  of  these 
cranes  working  with  its  3-ton  lifting  ram,  and  a  3-ton  electrical 
crane,  which  are  described  immediately  after  their  specifications. 
These  tests  afford  useful  information  regarding  the  two  systems 
of  power  supply  : — 

General  Description  of  Cranes. — "Each  crane  to  be  mounted  on  a  steel 
travelling  carriage,  with  arch  for  passage  of  locomotives,  having  a  rail 
gauge  of  14  feet  between  centres  of  double  rails,  which  are  to  be  provided 
and  laid  on  quay  and  cope  of  quay  wall  by  the  Trustees.  Jib  to  be  capable 
of  revolving  through  at  least  one  and  a-quarter  turns.  The  cranes  to  be 
double-powered,  to  lift  maximum  loads  of  5  tons  and  3  tons.  All  the  lifts 
to  be  by  single  chain,  and  the  working  pressure  to  be  750  lbs.  per  square 
inch.  The  cranes  to  have  a  factor  of  safety  throughout  of  not  less  than 
8  to  1,  excepting  the' hoisting  chains." 

Carriages. — "  The  carriages  tp  be  supported  by  four  wheels  of  oast  iron, 
bushed  with  gun-metal  g-inch  thick,  with  wrought-steel  weldless  tyres 
shrunk  on  each  sid.e  of  central  flange,  after  being  turned  and  bored.  The 
axles  to  be  turned  steel  forgings,  secured  by  strong  split  cotters.  Brackets 
carrying  wheels  to  be  so  arranged  that  the  wheels  can  be  easily  removed. 
Shackles  and  steadying  screws  to  be  provided  at  each  corner.  The  outer 
side  of  carriage  to  be  kept  at  least  one  foot  back  from  edge  of  cope,  and  a 
hand-rail  to  be  run  (the  whole  length  of  carriage)  outside  for  convenience  in 
shifting  mooring  ropes. " 

Range  of  Lift. — "  Each  of  the  cranes  to  have  a  total  range  of  lift  of  75 
feet,  being  33  feet  above  the  cope  to  40  feet  below,  and  the  chain  to  project 
32  feet  beyond  face  of  quay  wall  when  the  jib  is  square  to  it." 

Jib  and  Counter-balance  Weight. — "  The  jib  of  each  crane  to  have  a  rake 
of  not  less  than  41  feet,, and  the  jibThead  pulley  to  be  QO  feet  from  level  of 
cope  of  quay  wall.  .Jib  stays  to  be  secured  independently  of  pins  on  which 
jib-head  pulley  revolves,  so  that  the  latter  may  be  taken  down  without 
disturbing  the  stays.  A  steel  bracket  on  hinged  joint,  or  other  means,  to 
be  provided  for  locking  jib  when  cranes  are  not  in  use.  Wrought-iron 
ladder  to  be  fitted  to  each  jib  to  give  access  for  lubricating  jib-head  pulley. 
Counter-balance  weight  to  be  high  enough  to  clear  roof  of  shed." 

Houses  for  Driver. — "A  house  to  be  provided  for  the  driver  on  each  side 
of  upper  part  of  carriage.  Handles  for  working  to  be  conveniently  placed, 
and  marked  for  hoisting,  lowering,  andslewing." 

Platfovms,  Hamd-raUs,  Ladders,  Guards,  cfcc. —  "  Platforms,  hand-rails, 
gangways,  ladders,  footsteps,  &c.,  to  be  fitted.  Suitable  look-up  doors  and 
other  arrangements  to  be  made  to ,  give .  access,  to  all  chains,  pulleys, 
bearings,,  and  other  parts,  for  lubrication  and  repair.  Guards  for  chains 
and  rollers  or  rubbing  pieces  to  be  fitted  wherever  required.  .  Elm 
sheathing,  \\  inchef  ^.hlck,  to  be  laid  on  inside  of  jib,  and  seourefl  thereto 
by  holts  and  nut 

fi  10 
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Chains. — "The  hoisting  chains  to  be  1  inch  diameter  and  tested  in 
accordance  with  the  standard  requirements  of  the  Clyde  Navigation 
Trustees.  Each  hoisting  chain  to  have  a  swivel  hook  of  special  form  and 
strength,  shown  by  the  drawing.  A  balance  ball  to  weigh  at  least  2J  cwts. , 
bolted  on  in  halves  a  few  feet  above  the  hook.  Also,  a  wrought-iron  or 
Bteel  clip  of  ample  strength,  bolted  to  standing  part  of  chain,  for  adjusting 
height  of  hook." 

PvUeys. — "The  standing  pulleys  to  be  of  the  diameter  shown  in  the 


i 


Index  to  Parts. 

R  for  Rails. 

HP 

,,  Hollow  pedestal. 

U,C„ 

, ,  Cabins  with  levers. 

P 

„  Pillar. 

SD 

, ,  Slewing  drum. 

J 

„  Jib. 

TR 

,,  Tension  rods. 

S 

,,  Stays. 

cs 

„  Compression  strut  {Forked) 

BW 

, ,  Balance  weight. 

HC 

„   Hydraulic  cylinder. 

HR 

„  Hydraulic  ram. 

MP 

„  Movable  pulleys. 

i'P 

„  Fixed  pulleys. 

Gbnbbal  View  op  Movable  Hydkaulio  Crane. 
(Made  by  A.  Chaplin  &  Co.,  Govan,  for  the  Clyde  Trust.) 

drawings,  and  to  be  arranged  on  either  side  of  ram  as  in  hydraulic  cranes 
at  Queen's  Dock.  Suitable  guards  for  chain  to  be  provided.  Pins  for 
pulleys  and  carriage  wheels  to  be  bored  longitudinally,  with  oil  cup  in  one 
end  and  oil  hole  to  each  pulley  and  wheel.  All  pulleys  to  be  bushed  with 
gun-metal,  and  be  fitted  with  two  steady  pins  tapped  through  boss." 

Valves. — "  The  working  valves  for  hoisting,  lowering,  and  slewing  to  be 
of  the  cpnical  description,  with  levers  and  weights." 
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Pipes  and  Cocks. — "All  pipes  exposed  to  the  full  working  pressure  to  be 
of  strong  lap-welded  hydraulic  tubing  of  the  required  thickness,  with 
Banges  of  oast-iron,  turned  and  faced,  with  recessed  joints  to  standard 
sizes.  Drain  cocks  of  gun-metal  to  be  fitted  to  all  hoisting  and  slewing 
cylinders  and  all  pipes  at  lowest  parts,  so  as  to  thoroughly  drain  them.  , 
Air  cooks  to  be  fitted  to  all  cylinders  and  pipes  as  high  as  practicable." 

Travelling  Gear. — "  Efficient  hand  travelling  gear  to  be  provided  on  each 
crane,  so  that  it  may  be  quickly  and  easily  transported  along  the  quay  by 
not  more  than  six  men. " 

Gas  Fittings. — "To  prevent  damage  by  frost,  each  crane  to  be  provided 
with  two  gas  stoves  and  burners,  including  wrought-iron  pipes,  cocks,  and 
other  fittings,  for  hoisting  and  slewing  cylinders,  pipes,  &c.  A  suitable 
gas  stove,  with  all  necessary  connections,  to  be  supplied  in  each  crane 
house.  Wrought-iron  gas  piping,  with  cock  and  connection  for  india- 
rubber  tubing,  to  be  fitted  on  each  carriage,  for  supplying  stoves,  Sco." 

Movable  Electric  Crane. — The  following  extracts  from  the 
"  General  Specification,"  by  George  H.  Baxter,  Chief  Mechanical 
Engineer  to  the  Clyde  Navigation  Trustees,  are  herewith  repro- 
duced, along  with  the  accompanying  reduced  drawings,  in  order 
to  enable  the  student  to  form  an  idea  of  the  main  requirements 
fulfilled  by  the  3-ton  movable  electric  crane,  as  built  and 
erected  at  Prince's  Dock,  Glasgow,  by  Stothert  &  Pitt,  Bath.* 
After  the  specification  there  follows  the  data  of  the  comparative 
tests  between  this  crane  and  the  previously  described  hydraulic 
one : — 

General  Description. — "The  crane  is  to  be  movable,  mounted  on  a  high 
portal  carriage  to  run  on  a  line  of  double  rails,  14  feet  apart  between 
centres,  laid  along  the  front  of  the  South  Quay,  Prince's  Dock,  Glasgow 
Harbour.  The  crane  is  intended  to  be  used  for  carrying  out  an  extensive 
series  of  tests  for  the  purpose  of  comparing  the  relative  efficiencies  of 
electric  and  hydraulic  cranes  of  similar  capacity  under  varying  conditions 
and  over  a  prolonged  period.  Provision  is,  therefore,  to  be  made  for 
applying  and  fitting  up  suitable  recording  instruments  for  the  measurement 
of  electric  energy  delivered  to  the  hoisting  and  slewing  motors,  and  of  the 
mechanical  energy  developed  by  the  crane." 

General  Dimensions. — "The  following  are  the  general  dimensions  of  the 
crane : — 

Maximum  working  load,    ...  . 

Total  range  of  lift, .  .  ...  .  . 

Badius  of  lifting  rope,        ..... 

Projection  of  rope  beyond  face  of  quay,    ... 

Centre  of  jib-head  pulley  above  cope, 

Clear  lift  above  cope  of  quay,         .... 

Extreme  radius  of  any  revolving  part  at  back  of  crane,  . 

Clear  height  from  cope  to  lowest  revolving  part  of  crane. 

Speeds. — "The  lifting  speed  with  a  load  of  3  tons  to  be  150  feet  per 
minute,  the  speed  with  smaller  loads  to  be  correspondingly  greater.  The 
slewing  speed  measured  at  the  hook  to  be  300  feet  per  minute  with 
maximum  load." 

*  The  electric  motor,  volt  and  ampere  metres  for  this  crane  were  made 
by  Siemens  Brothers  &  Co.,  Ltd.,  of  Woolwich  and  London. 
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Factors  of  Safety  and  Stdbility. — "The  carriage,  crane  framing  and  jib, 
gearing  and  wire  rope,  to  have  a  factor  of  safety  of  10  to  1.  Stability  to  be 
maintained  \rith  a  load  of  6  tons  suspended  in  the  crane  hook." 

Carriage. — ' '  The  carriage  is  to  be  constructed  with  an  arch  15  feet  high, 
sufficiently  wide  for  the  passage  of  locomotives.  To  be  made  of  Siemens 
steel  plates,  angles,  and  bars.  The  wheel  base  to  be  14  feet.  The  carriage 
to  be  supported  by  four  strong  oast-steel  wheels  turned  to  2  feet  6  inches 
diameter  on  tread,  and  having  a  central  flange,  1  inch  deep  by  1  j  inch 
wide.  The  wheel  bosses  to  be  bored,  faced,  and  bushed  with  gun-metal,  g 
inch  thick.  The  axles  to  be  turned  steel  forgings,  secured  by  strong  split 
cotters ;  oil  holes  to  be  drilled  through  centre  with  short  bent  lubricating 
pipes  screwed  into  inner  ends.  The  length  and  diameter  of  axle  bearings 
to  be  specified  or  shown  on  plan.  Brackets  carrying  wheels  to  be  of 
approved  design,  and  so  arranged  that  the  wheels  can  be  easily  removed  if 
required.  Shackles  and  steadying  screws  similar  to  those  on  hydraulic 
cranes  to  be  provided  at  each  corner.  The  side  of  carriage  next  dock  to 
be  kept  at  least  1  foot  back  from  the  edge  of  the  quay,  and  a  hand-rail  to 
be  run  the  whole  length  of  carriage  outside  for  convenience  in  shifting 
mooring  ropes.  Provision  to  be  made  on  side  of  carriage  for  connecting 
the  motors  with  the  main  circuit  conductors." 

Framing  Jib,  die. — "The  framing  of  the  revolving  part  of  the  crane, 
jib,  and  back  stays  to  be  made  of  steel  plates  and  angles,  channels,  or  tee 
bars  carefully  fitted  and  riveted  together.  The  jib  stays  to  be  steel 
forgings  or  bars  drawn  or  shaped  out  of  the  solid  without  welds,  and  to  be 
secured  by  turned  pins  independently  of  the  pin  on  which  the  jib-head 
pulley  revolves,  so  that  the  latter  may  be  removed  without  disturbing  the 
stays.  An  18-inch  wrought-iron  ladder,  with  band-rail  on  each  side,  to  be 
fitted  to  jib  to  give  access  for  lubricating  the  jib-head  pulley.  The  ptdley 
to  be  of  cast  steel,  turned  in  groove  to  not  less  th^n  24  times  the  diameter 
of  hoisting  rope.  To  be  provided  with  rope,  guides,  and  guards.  The  pin 
to  run  in  adjustable  gun-metal  bushes,  and  the  bearings  to  have  fixed 
lubricators  of  approved  pattern.  Counterbalance  weights  to  be  provided 
in  back  end  of  framing  to  balance  the  jib  and  the  load." 

Centre  Post,  Holler  Path,  and  SoUers. — "A  strong  centre  post  of  forged 
ingot  steel,  with  hole  drilled  throughout  its  length  for  the  conductors  to 
pass  through,  to  be  turned  all  over  and  fitted  to  strong  cast-iron  bed  plate, 
or  sockets  secured  to  upper  part  of  carriage  by  turned  and  fitted  bolts.  If 
a  roller  path  is  fitted,  it  is  to  be  a  solid  ring  of  Siemens  steel  accurately 
turned  and  faced  flat,  and  secured  to  carriage  by  turned  and  fitted  bolts. 
The  rollers  are  to  be  of  oast  steel,  truly  turned,  bored,  and  keyed  to  fit 
strong  steel  axles,  having  large  bearing  surfaces  working  in  gun-metal 
bushes,  adjustable  by  bolts  and  nuts,  and  to  be  easily  removable  foi 
repairs." 

Plating  and  Riveting. — "All  plate  edges  are  to  be  planed,  all  butts  to 
be  accurately  fitted,  and  en(Js  of  bars  neatly  trimmed.  Rivet  holes  in 
framing,  jib,  &o. ,  are  to  be  drilled  in  place,  and  all  holes  to  be  made  fan- 
without  drifting.     All  rivets  to  be  snap-headed  outside." 

Hoisting  Winch. — "To  be  single-geared,  driven  by  a  separate  motor. 
The  bed-plate  to  be  of  cast  iron,  planed  to  receive  the  side  cheeks  and 
hoisting  motor.  One  of  the  cheeks  to  be  of  box  form,  planed,  bolted 
together  in  halves,  jointed,  and  made  oil  tight ;  the  lower  half  to  form  an 
oil-bath  for  main  spur  wheel  and  the  pinion  on  armature  shaft.  The 
barrel  to  be  of  cast  iron,  24  times  the  diameter  of  the  hoisting  rope,  and  to 
be  turned  with  a  continuous  spiral  groove,  long  enough  to  take  the  whole 
rope  required  without  riding.     The  maximum  load  is  to  be  taken  on  a 
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R  for  Rails. 

HP  „  Hollow  ]^ 

C  ,,  Cabin  for  motor,  &c. 

SG  „  Slewing  gear. 

J  „  Jib,  ladder,  handrail,  &o. 

T  R  „  Tension  rods.  • 

S  „  Stays. 

W  „  Balance  weight. 

L  M  „  Lifting  motor. 

LD  ,,  Lifting  drum. 

WR  „  Wire  rope. 

S  M  ,,  Slewing  motor. 

Li  Lj  ,,  Hand  levers. 

FP  „  Fixed  pulley. 


General  View  op  a  3-Ton  Movable  Elboteic  Crane. 
(Made  by  Stotherit  &  Pitt,  Bath,  for  the  Clyde  Trust.) 


Index  to  Parts  of  Lifting,  Lowering,  And  Slewing  Gear. 
{See  Section  and  Plan  on  opposite  page.) 


C  for  Cabin. 

BW 

or  Brake  wheel. 

SB  „  Switchboard. 

Li 

„  Lever     for     slew 

Lj  ,,  Lever  for  clutch,  0  D. 

brake. 

CD  „  Coil-clutch  and  disc. 

SC 

„  Slewing  controller 

L  C  , ,  Lifting  controller. 

SM 

„  Slewing  motor. 

LM„        ,,       motor. 

DiD^DjD^ 

„  Driving  pinions. 

LP pinion. 

FiF.FjF^ 

„  Follower  wheels. 

LW   „        „           „      whfeel. 

RP 

„  Roller  path. 

LD   ,,        „            „      drum.       ; 

R 

„  Rollers. 

WR  ,,  Wire  rope. 

CP 

„  Central  pivot. 

FL  ,,  Foot-brake  lever. 

W 

„  Balance  weight. 

BR  „  Brake  rod. 
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Vebticai,  Section  and  Plan  of  Cabin  and  Driving  Gear 
For  the  3-Ton  Electric  Crane  belonging  to  the  Clyde  Trust. 

iingle  rope.  The  main  spur  wheel  is  to  be  of  oast  steel,  the  pinion  of 
forged  steel,  both  to  have  wide  teeth  of  suitable  pitch,  accurate  form,  and 
machine  out.  The  ratio  of  gearing  and  diameter  of  barrel  and  jib-head 
pw))»v  to  be  shown  on  contractor's  plan." 
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Hoisting  Brake. — "An  automatic  brake  to  b6j>rovided.  This  brake  to 
be  worked  also  by  a  hand  or  foot  lever,  and  to  eflfectually  hold  the  maxi- 
mum  load  at  any  point.  It  must  be  so  designed,  that  when  the  current  is 
switched  on  to  the  hoisting  motor,  the  brake  is  automatically  released  the 
moment  hoisting  begins.  And,  in  switching  off,  or  in  the  event  of  failure 
of  current,  the  brake  would  be  put  in  gear  automatically,  and  without 
shock. "  {See  the  pages  describing  construction  and  action  of  this  brake  at 
the  end  of  this  Specification. ) 

Hoisting  Rope. — "  To  be  made  of  the  highest  quality  of  plough  steel 
wire,  specially  flexible  and  free  from  twisting.  The  rope  to  be  provided 
with  an  overhauling  weight  in  halves,  and  an  eye  with  solid  wrought-iron 
thimble  at  end,  bored  to  fit  the  shackle-pin  ;  also  a  3-feet  length  of  ^-inch 
short-link  crane  chain,  and  swivel  hook  of  approved  design.  The  ultimate 
tensile  strength  of  the  wire  (which  is  to  be  tested  and  approved  of  before 
the  rope  is  made)  is  not  to  exceed  110  tons  per  square  inch." 

Slewing  Gea/r. — "  To  be  worked  by  separate  motor,  having  a  wrought- 
steel  worm  keyed  on  end  of  armature  shaft,  gearing  into  a  phosphor-bronze 
worm  wheel  on  vertical  shaft,  with  pinion  at  lower  end  in  gear  with  the 
slewing  wheel,  which  is  to  be  secured  to  top  of  carriage  with  turned 
and  fitted  bolts.  The  worm  to  have  large  thrust  bearings  of  gun-metal, 
and  to  run  in  an  oil-bath  with  dustproof  cover.  The  vertical  shaft  to  be 
of  large  diameter  to  ensure  stiffness,  and  to  have  collars  forged  on  at 
snds.  The  bearings  are  to  be  of  gun-metal,  adjustable  by  means  of  bolts 
and  nuts.  All  teeth  to  be  of  suitable  pitch,  accurate  form,  jmd  machine 
cut.  A  brake  worked  by  foot  lever  to  be  provided  to  control  the  speed  at 
any  point." 

Travelling  Gear. — "The  crane  to  be  provided  with  eflSoient  travelling  gear 
fitted  to  each  carriage  wheel,  worked  by  hand,  and  so  connected  by  means 
of  clutches  that  it  may  be  disengaged  to  admit  of  the  crane  being  moved 
along  the  quay  by  a  hydraulic  capstan.  Spur  wheels  on  axles  of  carriage 
wheels  to  be  6  inches  clear  of  the  ground. " 

Electric  Motors. — "Both  motors  are  to  be  of  the  drum  armature  enclosed 
type.  They  are  to  be  series-wound,  and  constructed  to  work  on  a  con- 
tinuous current  circuit  at  an  E.  M.F.  of  230  volts,  but  capable  of  working 
at  260  volts  if  required.  The  hoisting  motor  to  be  50-brake  H.P.,  and 
slewing  motor  10-brake  H.P.  Both  are  to  be  designed  to  give  every 
facility  for  examination  and  repairs.  The  armatures  to  be  of  the  strongest 
form  of  construction,  well  insulated  throughout,  with  provision  for 
thorough  ventilation.  The  rise  of  temperature  in  the  armature  must  not 
exceed  60°  F.  above  the  surrounding  atmosphere.  The  commutators  are 
to  be  made  of  pure  annealed  copper  bars,  insulated  with  mica,  and  to  have 
large  wearing  surfaces,  with  self-adjusting  carbon  brushes.  The  armature 
shafts  to  be  of  forged  steel,  working  in  long  bearings  lined  with  white 
metal,  bored  out  perfectly  smooth  and  true,  and  provided  with  eflScient 
automatic  lubricating  apparatus  of  the  ring  type.  Chambers  to  be  formed 
at  the  ends  of  each  bearing  to  hold  waste  oil,  with  gauge-cooks,  drain- 
cocks,  and  pipes  led  to  an  oil  reservoir." 

Controlling  Switches. — "  These  are  to  be  of  the  most  improved  type,  with 
graduated  resistances  suitable  for  cranes.  One  controlling  switch  is  to  be 
provided  for  each  motor,  and  of  such  dimensions  as  shall  prevent  undue 
heating  when  the  crane  is  working  continuously  for  six  hours.  The  switch 
contacts  must  be  large  and  carefully  constructed,  so  as  to  prevent  sparking. 
These  are  to  be  enclosed  in  an  iron  casing,  with  covers  and  doors  for 
examination  and  repairs.  The  controlling  switches  to  be  so  constructed 
that  the  motors  may  be  started,  regulated,  stopped,  reversed,  or  ran  at 
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varying  speeds,  with  varying,  loada  in  the  simplest  and  most  reliable 
manner.;  i  The  regulating  handles  are  to  be  conveniently  arranged  in  such 
a,  position  that  the  driver  may  see  the  load  during  the  whole  time  it  is 
suspended  in  the  crane,  'and  the  handles  should;  be  so  connected  up,  that 
they  move  in  the  direction  it  is  desired  to  move  the  load." 

Hvntchboard,  Switches, 'and  CiU-outs,  die. — "  A  double-pole  switch  of  the 

,  quick   break   lever  type,  and  two   single-pole   ciit-outs   for  the   hoistirig 

and  slewing  motors,  together  with  separate  switches  and   cut-outs  for 

■  the    electric   lighting ,  and   heating   circuits,    to    be   aU   arranged   on   a 

suitable  switchboard  of  slate  or  marble,  framed  in  channel  iron  ^  of  an 

inch  thick  lined  with"  teak.      The  switches  and  cut-outs  to  be  properly 

enclosed  and  protected,  so  as  to  prevent  risk  of  fire  or  shock  in  any  way, 

and  to  be  conveniently  placed  within  easy  reach  of  the  driver.     Sweating 

sockets  to  be  provided,  to  which  the  cables  and  wiring  are  to  be  connected. 

The  cut-out  terminals  shall  be  so  arranged  that  the  fuses  of  flat  tinfoil  may 

be  easily  and  securely  fitted  by  the  oraneman.     The  securing  nuts  are  to 

.  be  of  bright  mild  steel,  and  the  fuse  break  not  less  than  5  inches.     Each 

,  switch  and  instrument  shall  be  capable  of  conveying  the  maximum  current 

continuously,  without  sensible  rise  of  temperature.     The  covered  flexible 

cormections  and  cables  shall  be  of  such  area,  that  the  current  density  shall 

not  exceed  800,  the  gun-metal  parts  400,  and  the  effective  contact  surfaces 

of  switches  200  amperes  per  square  inch." 

Svntchboard  Instruments. — "A  lamp,  an  ammeter,  a,  voltmeter,  and  an 
^  automatic  circuit  breaker  (to  prevent  danger  from  overloading)  to  be 
provided  arid  conveniently  arranged  on  the  switchboard,  with  all  necessary 
connections  to  the  main  conductors." 

Conductors  and  Insulation. — "  The  conductors  to  be  of  suitable  standard 
sizes,  corresponding  to  the  Cable  Makers'  Association  Last.  The  conductors 
are  to  be  connected  from  the  terminals  of  the  motors  to  the  controlling 
switches,  from  thence  to  the  cut-outs,  and  therefrom  to  suitable  connec- 
tions passing  through  the  centre  post  to  sockets  at  the  bottom  of  crane 
carriage,  and  there  provided  with  plug  connections  to  the  twin  cable. 
The  conductors  in  the  house  to  be  provided  with  circular  sliding  contacts 
and  collectors,  so  as  to  admit  of  the  crane  being  slewed  in  either  direc- 
tion to  any  extent  without  difficulty.  A  portable  pair  of  conductors, 
with  plugs  sweated  on  eiids,  to  'he  provided  to  fit  sockets  on  carriage,  and 
also  the  wall-plugs  along  the  quay.  The  twin  conductor  to  be  of  such  a 
length  as  to  extend  to  a  distance  of  40  feet  on  either  side  of  the  centre  of 
the  crane.  The  insulation  resistance  to  be  not  less  than  3,000  megohms 
per  mile  for  the  larger,  and  4,000  for  the  smaller  conductors." 

Wall  Plugs. — "Wall-plugs  to  be  fitted  in  the  hydraulic  supply  hydrant- 
boxes,  or  elsewhere,  along  the  quay,  with  suitable  terminals  for  connection 
to  the  electric  current  supply  mains.  The  boxes  to  be  thoroughly  water- 
tight, and  every  precaution  to  be  taken  against  damp." 

Mouse. — "A  substantially -built  timber  house  to  be  constructed  of 
suflicient  size  to  give  easy  access  to  all  parts  of  the  machinery,  and  ample 
room  for  working  the  crane.  A  suitable  electric  radiator,  or  stove,  to  be 
provided,  and  fitted  with  a  graduated  resistance  switch,  to  allow  of  varying 
degrees  of  heat  being  obtained.  Two  32  candle-power  Ediswan  glow  lamps, 
and  two  plugs  for  portable  lamps,  to  be  fitted  up  in  house,  and  a  cluster 
of  glow  lamps  half  way  up  the  jib." 

Details  of  Hoisting  Brake  and  Levers  for  Working  the  3-Ton 
Electric  Crane. — In  order  to  make  the  construction  and  action 
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of  these  details  clear  to  the  student,  special  views  have  been 
herewith  reproduced  from  drawings  kindly  supplied  by  the 
makers. 

Coil  Clutch. — In  the  accompanying  figures  this  has  been 
shown  by  a  vertical  section,  end  view,  and  sectional  plan.  It 
will  be  understood,  after  comparing  the  index  to  parts  with 
these  views,  that  when  the  clutch  friction  disc,  C  D,  is  pressed 
forward  by  the  levers,  H  (shown  on  the  full-page  views),  it 
pushes  the  end  of  the  bell  crank  lever,  B  0,  so  that  its  inner 
end  pulls  upon  the  tail  of  the  coil  spring,  0  S.  This  action 
causes  C  S  to  wind  close  and  grip  hard  upon  the  iron 
chilled  cylinder,  I  C.  Consequently,  we  have  the  lifting  drum, 
L  D  (which  is  directly  connected  to  the  inner  end  or  head  of 
the  coil  spring,  0  S),  thereby  coupled,  through  C  S,  to  I  C  and 
D  S,  the  drum  shaft.  The  other  end  of  this  shaft  is  keyed  to 
L  W,  which  gears  with  the  lifting  motor  pinion,  L  P,  and  hence 
with  L  M,  the  lifting  motor.  The  load  can  then  be  lifted  to 
the  desired  height. 

Braking. — When  the  clutch  friction  disc,  C  D,  is  disengaged 
from  B  0,  the  latter  is  brought  back  to  its  normal  position  by 
the  releasing  spring,  K,  S.  This  relieves  C  S  from  contact  with 
I  C.  The  lifting  drum,  L  D,  with  its  brake  wheel,  B  W,  are 
thus  instantly  disconnected  from  the  motor.  The  load  is  then, 
however,  held  up  in  position  by  the  brake-strap  due  to  the  driver 
pressing  down  the  treadle  or  foot  lever,  F  L.  The  load  can 
now  be  lowered  at  any  desired  speed  by  simply  easing  the  foot 
lever,  F  L,  which  acts  directly  on  the  brake  rod,  B  R,  and  brake 
strap  of  the  brake  wheel,  B  W,  as  shown  by  the  side  view  on 
the  full-page  set  of  figures.  It  will  thus  be  seen,  that  the  brake 
is  normally  "  off,"  as  in  a  steam  crane.  The  driver  lowers  a 
load  by  pressing  his  foot  more  or  less  on  the  treadle,  thus 
tightening  or  slackening  the  brake- strap  in  precisely  the  same 
way  as  he  would  do  with  a  steam  crane.  The  makers  admit, 
that  this  method  of  actuating  the  brake  may  at  first  sight 
appear  to  be  not  so  automatic  or  ideal  a  plan,  as  that  of  per- 
mitting the  weight  attached  to  the  brake  lever  to  keep  the 
brake-strap  tight  on  its  brake  wheel ;  but,  they  find  it  to  be 
much  better  in  actual  practice.  It  will  be  observed,  that  if  the 
electric  current  failed  when  a  load  had  been  raised,  and  if  the 
driver  then  stood  still  and  did  nothing,  the  load  would  un- 
doubtedly drop !  However,  the  current  has  not  been  found  to 
fail  under  these  circumstances,  and  the  driver  has  ample  time 
to  press  the  treadle  and  check  the  load. 

Lifting. — It  will  be  observed  that  the  first  part  of  the  motion 
of  lever  Lj,  to  the  left  (i.e.,  from  the  words  "out"  to  "in"), 
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puts  the  clutch,  C  D,  into  action,  and  at  the  same  time  it  brings 
the  transmitter  switch  of  the  lifting  controller,  L  O,  into  circuit 
with  the  lifting  motor,  L  M.  The  remainder  of  the  movement 
of  lever  Lg  in  the  same  direction  (i.e.,  to  the  left)  speeds  up 
the  motor,  L  M,  by  cutting  out  resistances  in  the  controller 
of  the  motor  circuit. 

Lowering. — On  the  other  hand,  the  action  of  putting  on  or 
down  the  treadle  foot-brake  lever,  F  L,  for  the  purpose  of 
stopping  the  motor  before  lowering  a  load,  automatically  throws 
back  the  clutch,  0  D,  and  disconnects  the  motor  electrically 
from  its  controller.  The  lifting  drum,  L  D,  with  its  attached 
brake  wheel,  B  W,  are  now  free  to  move  quite  independently  of 
the  lifting  motor  and  the  drum  shaft.  The  load  can  then  be 
lowered  at  the  desired  speed  by  the  required  pressure  on  the 
foot  lever. 

Action  of  the  Electro-Magnet.  —  In  the  Olyde  Trust  3-ton 
electric  crane,  Messrs.  Stothert  &  Pitt  have  adopted  an  alterna- 
tive patent  arrangement  of  electro-magnet  for  engaging  and 
disengaging  the  clutch  friction  disc,  C  D.  When  it  is  used,  the 
levers  B,  0,  D,  E,  F,  and  spring  box  (as  shown  by  the  side 
view)  are  removed.  A  separate  plan  of  this  electro-magnet, 
with  its  levers,  G  and  H,  are  shown.  It  will  be  understood,  that 
the  current,  in  passing  from  the  controller,  L  C,  to  the  lifting 
motor,  LM,  traverses  and  ener^^ises  the  coils  of  this  electro- 
magnet 
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Abstract  of  Report,  Tables  and  Curves,  on  Comparative  Trials 
for  Efficiency  of  the  previously-described  3-Ton  Hydraulic  ana 
Electric  Cranes.* — The  electric  crane  was  erected  on  the  South 
Quay,  Prince's  Dock,  and  started  to  work  on  the  24th  March, 
1902.  It  has  worked  since  then  with  the  most  satisfactory 
results,  and  there  has  been  no  hitch  or  trouble  of  any  kind  with 
the  electrical  machinery.  From  that  date  tip  to  the  28th 
February,  1903,  this  crane  discharged  and  loaded  minerals  and 
general  cargo  amounting  to  43,954  tons,  as  compared  with 
40,833  tons  dealt  with  by  the  3-ton  hydraulic  crane  alongside 
of  it,  whilst  working  under  precisely  similar  conditions.  Both 
cranes  were  tested  on  the  19th  and  20th  March,  1903,  and  the 
results  given  in  tabulated  form,  indicate  that  the  efficiency  of 
the  electric  is  greater  than  that  of  the  hydraulic  crane  at  full 
load,  both  in  working  ore  and  general  cargo.  The  efficiency  of 
the  electric  crane  is  also  very  much  greater  at  the  lighter  loads, 
while  the  cost  of  producing  and  distributing  electric  power  to 
the  cranes  is  less  than  that  of  hydraulic  power.  The  curves  of 
performance  of  these  cranes  under  tests  are  shown  on  diagrams 
1  and  2.  By  comparing  the  corresponding  curves,  c,  on  these 
two  diagrams — which  show  the  cost  of  power  used  in  discharging 
1,000  tons  of  general  cargo  at  varying  loads — the  difference  in 
favour  of  the  electric  crane  may  be  appreciated.  For  example, 
in  working  with  loads  of 

1  ton  2  tons  2J  tons  3  tons 

the  cost  of  power  used  by  the  hydraulic  crane  in  discharging 
1,000  tons  of  general  cargo  is 

48/3  25/5  20/6  17/2 

and  by  the  electric  crane 

15/11  16/2  16/U  16/6J 

It  will  be  observed,  that  the  costs  for  the  hydraulic  crane  are 
nearly  in  inverse  proportion  to  the  loads  raised,  for  the  reason 
that  in  this  type  of  crane,  the  same  foot-pounds  of  water  are 
used  to  lift  the  empty  hook  as  to  lift  the  maximum  load.  On 
the  other  hand,  with  the  electric  crane  the  cost  is  practically  the 
same  at  all  loads.  This  is  due  to  the  valuable  feature,  that  the 
electrical  power  used,  is  much  more  nearly  proportional  to  the 
power  required  to  raise  the  load,  than  is  the  case  with  hydraulic 
cranes.  By  raising  the  electrical  pressure  at  the  central  power- 
house from  260  volts  (its  present  value)  to,  say,  500  or  600  volts 

•I  am  indebted  to  Mr.  George  H.  Baxter,  M.I.E.S.,  for  the  liberty 
to  make  this  abstract  from  his  report  to  the  Clyde  Trustees. 
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(as  contemplated  for  the  new  Clydebank  Dock),  and  by  ■working 
upon  a  greatly  increased  scale,  it  is  probable  that  the  present 
average  cost  of  2'558  pence  per  Unit  will  be  further  reduced.* 

Relative  Cost  of  Hydraulic  and  Electric  Power. — Since  the 
hydraulic  and  electric  are  the  only  two  practicable  and  available 
systems  of  power  transmission  for  dock  appliances,  such  as 
cranes,  capstans,  and  coal  hoists;  and,  since  both  systems  are 
equally  reliable  and  convenient,  the  choice  of  one  or  the  other 
depends  entirely  on  which  is  the  more  economical,  not  only  in 
regard  to  the  cost  of  production  and  distribution,  but  also  as 
regards  the  cost  of  utilisation. 

One  system  may  cost  considerably  less  to  produce  and  dis- 
tribute power,  but  in  utilisation  the  gain  in  point  of  economy 
may  not  be  in  favour  of  that  system 

There  are,  indeed,  so  many  factors  to  be  taken  into  account 
that,  for  purposes  of  comparison,  and  also  to  determine  whether 
it  would  cost  less  or  more  to  purchase  or  produce  power,  the 
cost  of  each  system  should  be  ascertained  at  three  distinct 
stages,  viz.  : — (1)  The  cost  of  purchase  or  production.  (2)  The 
cost  of  transmission  or  distribution.     (3)  The  cost  of  utilisation. 

In  order  to  compare  the  costs  of  hydraulic  with  that  of  electric 
power,  it  is  necessary  to  reduce  both  systems  to  a  common 
standard,  and  to  determine  in  each  case  the  cost  of  one  horse- 
power hour  delivered  at  the  appliance  where  the  power  is  to  be 
utilised.  This  is  the  most  convenient  unit  to  adopt,  and  is 
applicable  alike  to  both  systems. 

In  making  up  the  working  costs,  the  capital  expenditure  and 
working  costs  have  been  taken  from  the  annual  accounts,  and 
embrace  all  the  capital  expended,  up  to  the  end  of  1902,  on 
buildings,  foundations,  culvert,  machinery,  and  plant  for  each  of 
the  two  systems. 

The  outputs  of  hydraulic  power  during  the  periods  under 
notice,  have  been  found  by  keeping  strictly  accurate  records  of 
every  revolution  of  the  pumping  engines.  The  outputs  of 
electric  power  have  been  got  from  carefully  kept  daily  records 
of  the  hours  of  lighting,  pressure,  and  current  used. 

The  conclusions  arrived  at  are,  that  electric  power  costs  less 
to  produce,  distribute,  and  utilise  than  hydraulic  power. 

Crane  Tests. — Tests  were  conducted  under  favourable  condi- 
tions in  order  to  ascertain  the  following  : — 

1.  The  rapidity  of  working  of  both  types. 

2.  Their  efficiencies. 

3.  The  cost  of  power  used  in  doing  the  same  amount  of  work, 

•  In  a  large  well-regulated  power-houBe  the  Cost  of  Electric  Power  may 
\ie  as  small  as  Id.  per  Board  of  Trade  Unit— i.e..  Id.  per  1.000  volt-ampere- 
liours  or  watt-hours. 
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yiz.,  to  raise  30  feefc,  slew  100  degrees,  and  discharge  into 
waggons  1,000  tons  of  cargo  and  1,000  tons  of  ore,  when  work- 
ing at  loads  varying  from  1  to  3  tons  for  cargo,  and  at  2^  and  3 
tons  for  ore. 

Particulars  of  Hydrwulic  Crane  amd  its  Gauges. — The  pressure 
in  the  hydraulic  7-inch  main  was  maintained  at  750  lbs.  per 
square  inch  at  the  Power-House.  The  3-ton  hoisting  ram  was 
used.  It  is  11  inclies  diameter,  and  displaces  -66  cubic  foot  of 
water  per  foot  of  travel,  or  -11  cubic  foot  per  foot  of  hoist,  the 
velocity  ratio  being  1  to  6.  The  turning  ram  is  9  inches 
diameter,  travels  15|  inches,  and  uses  -57  cubic  foot  in  slewing 
through  100  degrees.  The  water  used  was  measured  by  the 
displacement  of  the  rams,  and  5  per  cent,  was  allowed  for  slip 
and  leakage. 

Pressure  gauges  were  fitted  on  the  main  pressure  pipe  at  the 
hydrant  connected  to  the  crane,  and  to  the  upper  parts  of  the 
hoisting  and  slewing  cylinders.  The  pressures  as  indicated  by 
these  gauges  were  noted  at  each  lift. 

Particulars  of  Ulectric  Crane  and  its  Meters. — The  hoisting 
gear  is  single  reduction,  and  is  worked  by  a  50  H.P.  Siemens' 
motor  at  a  pressure  of  about  240  volts.  The  pressure  at  the 
Power-House  was  maintained  at  260  volts,  whilst  the  current 
naturally  varied  with  the  load.     The  turning  motor  is  10  H.P. 

The  electric  crane  was  equipped  with  Siemens'  volt  and  ampere 
meters,  and  also  with  Chamberlain  &  Hookham's  watt  meters, 
which  were  overhauled  and  found  to  be  accurate  before  the  tests 
were  commenced. 

Details  of  Testing  Operations. — In  testing  for  rapidity  of 
working,  each  crane  was  provided  with  two  tipping  buckets,  one 
for  the  load  and  one  for  the  empty  bucket.  For  convenience, 
the  tests  were  carried  out  to  specific  instructions  in  double 
cycles,  by  working  the  cranes  as  rapidly  as  possible  for  two  hours, 
under  6ach  separate  load  of  1  ton,  2  tons,  2^  tons,  and  3  tons,  in 
such  a  way,  as  to  imitate  as  nearly  as  possible  actual  conditions 
of  working,  without  being  subjected  to  the  delays  so  frequently 
experienced  in  discharging  ore  or  general  cargoes.* 

*  In  calculating  the  weight  of  cargo  discharged  per  hour,  allowance  was 
made  for  the  9-cwt.  empty  buckets  and  the  2-cwt.  hoisting  chain  balls,  as 
follows ;  (9-2)  owts.  =  '35  ton.  Now,  this  weight  was  lifted  only 
10  feet  during  the  return  journey  with  the  empty  bucket,  and  =  ('35  x  10) 
ft. -tons  of  work.  But  each  ton  of  paying  load  is  lifted  30  feet  =  30  ft. -tons 
of  work.  Hence,  for  every  30  ft.  -tons  of  general  cargo  work,  there  would 
have  to  be  added  in  this  test,  3 '5  ft. -tons  for  the  empty  bucket  minus  the 

chain  ball.    Or,  I  '35  x  nf.]—  'l^^  ton,  as  shown  in  the  two  following  tables, 
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Curve  Diagrams  1  and  2. — The  principal  curves  to  which 
attention  may  be  directed  are  the  speed  lines,  S,  which  show 
that  both  cranes  are  nearly  alike  as  regards  speed  at  all  loads — 
varying  from  260  to  165  feet  per  minute  in  the  case  of  the 
hydraulic  crane,  and  from  239  to  165  feet  per  minute  in  the 
electric  crane,  at  loads  of  J  and  3J  tons  respectively. 

The  efficiency  line,  E,  for  the  hydraulic  crane  rises  in  a 
straight  line  from  9J  per  cent,  to  66  per  cent,  for  loads  of  ^  and 
3J  tons  respectively.  The  efficiency  line,  E,  of  the  electric 
crane  rises  in  a  full,  well-rounded  curve,  showing  at 

J  ton         1  ton         2  tons         2 J  tons         3  tons         3|  tons 
efficiencies  of 

31%        49-34%       73-14%        771%         75-3%  70% 

The  other  lines,  C,  show  the  cost  of  power  used  in  raising 
30  feet,  slewing  100  degrees,  and  discharging  into  waggons  1,000 
tons  of  cargo.  It  will  be  seen,  that  the  cost  line  for  the  hydraulic 
crane  rises  in  a  steep  curve  at  the  light  loads,  while  that  for  the 
electric  crane  is  a  straight  line  nearly  parallel  with  the  abscisss, 
showing  how  the  cost  increases  in  the  case  of  the  former  when 
working  at  light  loads,  while  the  cost  is  practically  constant  at 
any  load  with  the  electric  crane.* 

*I  have  added  to  these  two  diagrams  Eq  lines.  In  the  case  of  the 
hydraulic  crane  this  dotted  curve,  Eq,  indicates  the  percentage  efficiency 
as  found  by  the  pressure  gauges  attached  directly  to  the  hydraulic  cylinder. 
This  curve,  therefore,  represents  the  ratio  of  the  power  got  out  at  the 
crane  hook  (when  lifting  loads  30  feet  in  height),  to  the  power  put  into  the 
cy Under  during  that  time.  It  clearly  shows  the  effect  of  the  loss  of 
pressure  between  the  hydrant  on  the  main  supply  pipe  and  the  ram 
cylinder.  It  also  shows  by  comparison  the  efficiency  of  the  plant  between 
the  crane  hook  and  the  cylinder  ram  with  that  between  the  same  hook 
and  the  power  put  into  the  mains  at  750:lbs.  per  square  inch. 

In  the  case  of  the  electric  crane,  the  dotted  curve.  Eg,  is  derived  from 
special  sets  of  ten  observations  for  each  load,  taken  on  March  20th,  1903. 
The  times  of  simply  lifting  loads  30  feet  were  accurately  noted,  as  well  as 
the  readings  on  the  crane  volt  and  ampere  meters  during  these  respective 
lifts,  quite  independently  of  the  meters  at  the  power-house.  This  curve, 
therefore,  represents  the  best  net  combined  electrical  and  mechanical 
efficiency  of  the  crane,  whilst  merely  lifting  different  loads.  It  indicates 
the  ratio  of  the  power  got  out  at  the  crane  hook,  to  the  power  put  into  the 
lifting  motor,  or  the  crane  efficiency 

Note. — Students  may  refer  here  to  Engineering  of  June  19  and  July  3, 
1903,  for  reports  upon  two  papers,  "Economical  Speeds  of  Cranes,"  and 
"Hydraulic  versius  Electric  Crates  for  Docks,"  read  at  the  London 
Engineering  Conforence. 
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TABLE  I.— Rbsui/ts  op  Tests  or  3-Ton  Htdbatilic  Ckank  Wobkbb 

AS  IF  DlSCHABQINO  GeNEBAL  CaBGO. 


Loads  (W)- 

1  Ton. 

2  Ions. 

2i  Tons. 

3  Ions. 

Duration  of  trial,      hours. 

2 

2 

2 

2 

Pressure  in  mains,  lbs.  per 

sq.  in., 

730 

750 

750 

750 

Pressure  on  ram — 

Hoisting,                 .     ,j 

240 

400 

480 

560 

Lowering,       .         .     „ 

140 

300 

380 

460 

Slewing  to  windward,  „ 

500 

500 

500 

500 

„          leeward,      „ 

350 

350 

350 

350 

1.  Number  op  Cycles  per 

HOUE,     .... 

56 

54 

52 

38 

Time  of  lifting  W  30  feet 

(T),         .        .     seconds. 

7  5 

8-57 

9-25 

10 

Speed    of    hoisting    loads 

,c,      30x60.,    „^„^;„ 
(o)=  ■ — = —  It.  per  mm., 

240 

210 

1S4-6 

180 

H.P.  taken  out  of  crane 

(L.H.P.)  =  Wx  8^33,000, 

16-29 

28-51 

33 

36-65 

Horse  -  power,    by    water 

i\jj  UD\     95 X 750 X S 
^^■"■'^'^       33,000x6' 

86-36 

75-56 

70 

64-77 

2.    Mechanical     Efpici- 

ency     {Hoisting     only). 

°/°=^°»'<^55:'     • 

18-87 

37-73 

47-14 

56-6 

Cargo  discharged  per  hour 
( allowing     for      empty 

(1-116x56) 

(2116x54) 

(2-616  X  52) 

(3116x38) 

bucket  -35  x  |^  ton),  tons, 

62-5 

114 

136 

118-5 

Water  used  per  cycle — 

Hoisting  30 feet,  cub.  ft., 

3-3 

... 

•  t. 

Slewing  100°,              „ 

-57 

... 

■  •■ 

Hoisting  10  feet,        „ 

1-1 

... 

... 

.... 

Slewing  100%             „ 

•57 

... 

.». 

... 

Slip,  5  per  cent.,       „ 
Total  cubic  feet. 

•28 

... 

... 

... 

5-82 

5-82 

5-82 

5-82 

Water  usedperhouTjCub.  ft. , 

326-5 

314-5 

303 

221-5 

Cargo  discharged  per  hour, 

tons. 

62-5 

114 

136 

U8-5 

Water  used  per  1,000  tons 

cargo,     .        .     cub.  ft., 

5,224 

2,759 

2,228 

1,869 

3.    Cost    of    Hydraulic 

PowEB  used  in  discharg- 

ing   1,000   tons   general 

cargo,  at    110-45   pence 

per  1,000  cubic  feet  of 

water   at    750   lbs.   per 

square  inch  (C), 

48/ 

25/5 

ao/e 

17/2 

11 
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TABLE  II, — Results  op  Tests  op  3-Ton  Electbic  Crane  Woeked 
AS  IP  Discharging  General  Cargo. 


LOADS  (W) 

ITon. 

2  Tons. 

^  Tons. 

3  Tons. 

Duration  of  trial,      hours, 

2 

2 

2 

i 

E.M.F.   at    motor    termi- 

minals,    .         .         volts, 

240 

245 

240 

245 

Current     when     hoisting 

loads,                      amps.. 

95 

110 

125 

140 

Current  when  lifting  empty 

bucket,  .                amps., 

60 

60 

60 

60 

Current  slewing  to  wind- 

ward,                     amps., 

15 

35 

35 

40 

Current    slewing    to    lee- 

ward,    ^        .       amps.. 

15 

15 

15 

15 

1.  Number  op  Cycles  per 

Hour 

60 

53 

48 

43 

Work  done  by  hoisting  W 

30  feet,   .        .  foot-lbs., 

67,200 

134,400 

168,000 

201,600 

Time  of  lifting  W  30  feet 

(T),                 .     seconds, 

81 

9-25 

9-85 

10-6 

Speed   of    hoisting   loads, 

S-^^^^^ftpermin., 

222-2 

194-j 

182-7 

170 

H.P.  taken  out  of  crane 

(L.H.P.)  =  WxS-r  33,000, 

1508 

26-42 

31 

34-62 

Horse  -  power     expended, 

ic  u  cy\     volts  X  amps. 
(E.H.P.)-          ^^ 

30-56 

36-12 

40-21 

46 

2.  Combined  Mechanical 

AND  Electrical  Epfici- 

BNCT,  7,  =  100X^1^1^ 

{Hoisting  only). 

49-34 

73-14 

77-1 

75-3 

Cargo  discharged  per  hour 
(allowing      for      empty 

(1-116x60) 

(2-116x53) 

(2-616x48) 

(3-116x43) 

bucket    -35   x   H    ton). 

tons, 

67 

112 

125-5 

134 

Units    used   per   hour  at 

various  loads, . 

5 

8-5 

9-5 

10-4 

Units  required   for  1,000 

tons  cargo  (U), 

74-6 

75.8 

75-7 

77-6 

3.  Cost  op  Electric  Power 

used  in  discharging  1,000 

tons    general    cargo,    at 

2-558  pence  per  unit  (C), 

15/11 

16/2 

16/lJ 

16/ej 
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EXPLANATION  OF  EFFICIENCY  CURVES. 


HTDRitruo  Ceanb. 

P.     Pressure  in  mains  during  tests. 

Each  division  =  40  lbs.  per  square  inch. 

S.     Speed  of  hoisting  in  feet  per  minute. 

Each  division  s  40  feet  per  minute. 

W.H.P.    Horse-power  put  into  crane  by  water  at  750  lbs.  per  square  inch, 
hoisting  only. 
Each  division  =  4  H.P. 

L.H.  P.     Horse-power  taken  out  of  crane  in  hoisting  only. 

LHP 

E.    7o  Mechanical  efficiency  =  ./  ■■"  J   x  100  (hoisting  only). 

Each  division  =  4  per  cent. 

_        »,    Tia.  .  Power  got  out  at  crane  hook         , 

En-      /»  Efficiency  =  ^f; °      .  ^ — i — 5 r- >  when  merely 

"       '"  ■'         Power  put  into  hydraulic  ram 

lifting  different  loads  30  feet  during  special  trials. 

Each  division  =  4  per  cent. 

C.    Cost  of  power  used  in  raising  30  feet,  slewing  100°,  and  dis- 
charging into  waggons  1,000  tons  of  cargo. 
Each  division  =  4  shillings. 


Electeic  Cbanb. 

V.     Volts  while  hoisting  at  speed  (S). 
A.     Amperes        ,,  ,, 

Each  division  =  40  volts  and  also  =  40  amperes. 
S.     Speed  of  hoisting  in  feet  per  minute. 

Each  division  =  40  feet  per  minute. 

E.H.P.    Horse-power  delivered  to  hoisting  motor. 
Each  division  =  4  H.P. 

L.H.  P.    Horse-power  taken  out  of  crane  in  hoisting  only. 

LHP 

E.    °/„  Electrical  and  mechanical  efficiency  =     '  ■.'    '  x  100. 

Each  division  =  4  per  cent  (when  hoisting  only). 

c        CI  r\  a-  ■  Power  got  out  at  crane  hook      ,  , 

Ec-      /o  Crane  efficiency  = =—5 :r-i—7 7 when  merdy 

Power  put  into  motor 

lifting  different  loads  30  feet  during  special  trials. 

Each  division  =  4  per  cent. 

C.    Cost  of  power  used  in  raising  30  feet,  slewing  100°,  and  dis- 
charging into  waggons  1,000  tons  of  cargo. 
Each  division  =  4  shillings. 

U.    Units  used  per  hour  at  various  loads. 
Each  division  =  4  units. 
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Electric  Cranes  for  Manchester  Ship  Canal— As  one  more 
instance  of  the  rapid  progress  which  the  application  of  elec- 
tricity to  cranes  is  making,  we  here  show  two  views  of  those 
recently  made  and  fitted  by  George  Eussell  &  Co.,  of  Mother- 
well, for  the  Manchester  Ship  Canal  Warehouse  Co.  There  are 
twenty  two  cranes  placed  on  the  roof  of  tlie  warehouse.  Of 
these,  twelve  are  portable  cranes  on  the  dock  side  of  the  ware- 
house for  lifting  30  cwta,,  with  a  radius  of  42  feet.  The  remaining 
ten  are  fixed  cranes  on  the  land  side  of  the  warehouse,  three  of 
which  lift  30  cwts.,  and  seven  10  cwts.,  both  having  a  radius  of 
16  feet. 

The  electrical  motors  and  controllers  were  supplied  by  the 
British  Thomson  Houston  Co.,  Rugby.     The  hoisting  motors  for 
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Fixed  and  Movable  Eleotbic  Cranes  on  the  Manchester  Canal 

Warehouse. 

(Made  b}'  George  Russell  &  Co.,  Ltd.,   Motherwell,  N.B.) 


the  30-cwt.  cranes  are  rated  at  28  H.P.  when  their  armatures 
have  a  speed  of  355  revs,  per  minute,  and  are  supplied  at  500 
volts.  They  are  geared  direct  to  the  lifting  barrels  by  single 
reduction  machine-cut  spur  wheels.  The  barrel  of  each  of 
these  cranes  is  24-inches  diameter,  and  the  lift  is  effected  by  x 
single  wire  rope.  The  speed  of  lifting  was  specified  to  be  200  feet 
per  minute,  with  a  lull  lift  of  75  feet.  A  strap  brake  operates 
upon  a  brake  wheel,  keyed  upon  the  barrel  shaft.  Under 
normal  conditions  the  brake  bears  upon  its  brake  wheel  through 
the  action  of  a  lever  weight,  just  as  in  the  previously  described 
Clyde  Trust  Electric  Crane.  But,  in  this  instance,  the  weight 
is  raised  by  an  electro-magnet  in  series  with  the  lifting  motor, 
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SO  that  whenever  current  is  switched  on  to  the  motor  the 
weight  is  lifted  and  the  brake  released.  In  the  event  of  the 
current  failing  through  any  cause  the  pull  of  the  magnet  ceases, 
and  the  weight  automatically  applies  its  brake  to  prevent  the 
load  from  falling.  The  brake  may  be  also  released  by  a  foot 
tread,  so  that  the  load  may  then  be  lowered  without  using  any 
current.* 

From  a  final  test  of  one  of  the  portable  cranes  it  was  found 
that  whilst  lifting  four  bales  of  cotton  at  a   time,  having  an 


Movable  Eleotkio  Crane   Unloading  a   stkamer  at  the 
Manchester  Canal, 


average  weight  of  3,136  lbs.,  through  43 i  feet,  that  the  time 
was  irS  seconds  (or  227  feet  per  minute),  current  38-5  amperes 
at  510  volts  ;  consequently,  the  efficiency  under  these  circum- 
stances reached  82  per  cent. 

*  For  a  fuller  description  of  the  details  of  these  cranes  students  may 
refer  to  the  March  and  April  numbers  of  the  leading  British  electrical  and 
mechanical  journals,  such  as  The  Tramway  and  Kailway  World,  April, 
1903,  to  which  paper  I  am  indebted  for  the  two  views  here  reproduced. 
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Lecture  VIII.— Questions. 

1.  Explain  why  the  force  necessary  to  drive  a  machine  does  not  vary  in 
exact  proportion  with  the  load. 

2.  With  a  pair  of  three-sheaved  blocks  it  is  found  by  experiment  that 
a  weight  of  40  lbs.  can  be  raised  by  a  force  of  10  lbs.,  and  a  weight  of 
200  lbs.  by  a  force  of  40  lbs.     Find  the  general  relation  between  P  and  W, 

and  also  the  efficiency  when  raising  100  lbs.     Am.  P  =  r^  W  +  =-;  '784 

Id  Ji 

or  78  "4  per  cent. 

3.  With  a  screw  jack  it  is  found  that  a  force  of  47 '5  lbs.  must  be 
applied  at  the  end  of  the  handle  to  lift  1-5  tons,  and  a  force  of  85  lbs.  to 
lift  3  tons.     Find  what  force  will  be  required  to  raise  2  tons.     Ana.  60  lbs. 

_  4.  If  the  length  of  the  handle  in  the  above  example  be  2  feet  and  the 
pitch  of  the  screw  J  inch,  find  the  efficiency  in  each  case.  Ans.  35'3,  39'5, 
and  37 '3  per  cent. 

5.  Find  the  "friction  pressure"  of  a  steam  engine  which  requires  a  mean 
effective  pressure  of  24  lbs.  per  square  inch  to  drive  it  at  full  load,  20  lbs. 
being  taken  up  in  overcoming  the  load.  At  three-quarters  load  a  mean 
effective  pressure  of  18'5  lbs.  is  required,  of  which  15  lbs.  is  similarly 
taken  up.     Ana.  2  lbs.  per  square  inch. 

6.  It  is  found  that  a  force  of  2  lbs.  must  be  applied  to  the  handle  of  a 
crane  in  order  to  wind  up  the  rope  when  no  weight  is  attached  and  of 
80  lbs.  when  lifting  a  weight  of  10  cwts.  If  the  velocity  ratio  be  20,  find 
the  efficiency  in  this  last  case  and  also  when  the  force  at  the  handles  is 
lessened  so  as  just  to  allow  the  weight  to  descend.  Ana.  70  per  cent. ; 
67  per  cent, 

7.  A  machine  is  concealed  from  sight  except  that  there  are  two  vertical 
ropes ;  when  one  of  these  is  pulled  downwards  the  other  rises.  If  the 
falling  of  a  weight,  A,  on  one,  causes  a  weight,  B,  on  the  other  to  be 
steadily  lifted,  first  when  A  is  100  lbs.  and  B  is  3,250  lbs.,  second  when  A 
is  50  lbs.  and  B  is  1,170  lbs.,  what  is  the  probable  value  of  A  when  B  is 
2,000  lbs.?  How  would  you  find  the  efficiency  of  this  lifting  machine  in 
these  three  cases  ?    What  new  measurement  must  be  made  ? 

Ana.  6995  lbs.     (B.  of  E.  Adv.,  1900.) 

8.  A  machine  is  concealed  from  sight,  except  that  there  are  two  vertical 
ropes;  when  one  of  these  is  pulled  downwards  the  other  rises.  If  the 
falling  of  a  weight.  A,  on  one,  causes  a  weight,  B,  on  the  other  to  be 
steadily  lifted,  first  when  A  is  12  lbs.  and  B  is  700  Iba.,  second  when  A 
is  7-6  lbs.  and  B  is  300  lbs.  What  is  A  likely  to  be  when  B  is  520  lbs.? 
If  B  rises  1  inch  when  A  falls  70  inches:  what  is  the  efficiency  of  this 
lifting  machine  in  each  of  the  three  cases  ?    (B.  of  E.  Adv. ,  1901. ) 

9.  In  a  lifting  machine  an  effort  of  26 '6  lbs.  just  raises  a  load  of  2,260 
lbs. ,  what  is  the  mechanical  advantage  ?  If  the  efficiency  is  0"755,  what  is 
the  velocity  ratio?  If  on  this  same  machine  an  effort  of  11 '8  lbs.  raises  a 
load  of  580  lbs. ,  what  is  now  the  efficiency  ?  (B.  of  E.  Adv.  &  H. ,  Part  I. ,  1 902. ) 

10.  If  the  diameter  of  the  3-ton  lifting  ram  of  the  hydraulic  crane 
described  in  this  lecture  is  11  inches,  and  its  stroke  be  5  feet  when  the 
chain  hook  rises  30  feet,  and  if  the  inside  diameter  of  the  water  service 
pipe  from  the  power-house  to  the  crane  dock  hydrant  opposite  this  crane 
is  7  inches ;  find  what  length  and  weight  of  a  column  of  water  in  the 
service  pipe  is  used  at  each  complete  5-foot  stroke  of  the  lifting  ram. 
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11.  Referrin?  to  the  previous  question,  if  a  3-ton  load  be  lifted  30  feet 
high  in  10  seconds,  and  If  the  lengths  of  7-inch  service  piping  between  the 
crane  hydrants  and  the  power-house  accumulator  be  500  and  1,000  feet 
respectively  for  two  different  cranes,  what  will  be  the  loss  in  pressure  in 
lbs.  per  square  inch  between  the  power-house  and  each  of  these  two 
hydrants,  when  accumulator  applies  a  steady  pressure  of  750  lbs.  per 
square  inch  at  the  power-house,  and  if  the  coefficient  of  friction  between 
the  water  and  its  service  pipe  (or  the  "friction  factor")  is  '02  at  the 
velocity  under  these  circumstances?  Also,  calculate  (a)  the  ft. -lbs.  of 
work  ;  (6)  the  watt-hours  of  work  lost  through  the  friction  in  the  pipe  at 
each  lift  of  3  tons  ;  (c)  the  ft.-lbs.  per  second ;  {d)  the  watts  or  the  lost 
power  in  the  water  service  pipe  during  the  lift.* 

12.  Referring  to  Table  I.  of  tests  and  the  curves  for  the  3-ton  hydraulic 
crane  in  this  Lecture,  how  do  you  account  for  the  differences  in  the  loss 
of  the  pressures  per  square  inch  between  the  water  in  the  mains  and  the 
pressures  on  the  ram  whilst  hoisting  different  loads?  What  would  be 
the  calculated  corresponding  loss  of  pressure  in  each  case  between  the 
power-house  and  the  crane  hydrant  u  the  distance  of  the  main  supply 
pipe  was  1,000  feet  long  and  the  times  of  lifting  1,  2,  2^,  and  3  tons 
as  stated  in  Table  I.  ? 

13.  Check  by  calculations  the  several  values  for  W.H.P.,  L.H.P., 
E.H.P.,  E.,  and  C,  in  the  case  of  the  hydraulic  and  electric  cranes 
described  in  this  Lecture,  and  draw  their  curves  upon  squared  paper 
neatly  to  a  scale  at  least  double  the  size  of  that  given  in  the  text. 

14.  Referring  to  Tables  I.  and  II.,  &c.,  in  this  Lecture,  calculate  and 
compare  the  loss  of  power  in  ft.-lbs.  per  second  (or  in  watts)  for  the 
hydrauUc  and  the  electric  mains  whilst  lifting  1,  2,  2^,  and  3  tons,  and 
show  clearly  which  system  of  distribution  of  power  is  more  efficient. 
How  would  you  propose  to  render  the  distribution  of  power  from  the 
power-house  to  the  electric  crane  more  economical  ? 

15.  In  a  crane  an  effort  of  122  lbs.  just  raises  a  load  of  3,265  lbs.  What 
is  the  mechanical  advantage  ?  If  the  efficiency  be  60  per  cent. ,  what  is 
the  velocity  ratio?  Would  this  crane  overhaul?  If  the  efficiency  had 
been  40  per  cent. ,  would  the  crane  overhaul  ?  Give  clear  reasons  for  your 
answer.     (B.  of  E. ,  Adv.  and  H. ,  Part  L ,  1903. ) 

16.  Electric  current  is  supplied  to  a  certain  motor  plant  at  220  volts, 
and  150  amperes  are  taken.  What  H. P.  does  this  represent?  How  much 
would  it  cost  if  used  for  an  average  of  6 '5  hours  per  day  for  a  whole  year 
of  313  days?  The  power  is  supplied  at  2'24d.  per  H.P.  hour  (i.e.,  3d.  per 
B.T.U.).     (B.  of  E.,  Adv.,  1903.) 

17.  An  electrically-driven  overhead  crane  raises  a  weight  of  5  tons  at  the 
rate  of  90  feet  per  minute.  What  is  the  horse-power  ?  Convert  this  into 
watts.  The  motor  drives  the  lifting  machinery,  whose  efficiency  is  70  per 
cent.  What  current  must  be  supplied  to  the  motor  if  the  voltage  is  220, 1 
and  the  efficiency  of  the  motor  is  87  per  cent.  ?  If  the  current  is  supplied 
by  a  company  which  charges  at  the  rate  of  2Jd.  per  Board  of  Trade  unit 
(1  kilowatt  hour)  for  power  purposes,  what  is  the  cost  of  lifting  in  pence 
per  foot-ton?    (B.  of  E.,  S.  2,  1905.) 
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Lbcture  VIII. — A.M. Inst. C.E.  and  B.So.  Exam.  Questions. 

1.  What  is  meant  by  the  efficiency  of  a  machine?  How  would  you 
measure  the  efficiency  (1)  of  a  screw-jack,  (2)  of  a  steam  pump,  (3)  of  * 
turbine?    (I.C.E.,  Oa.,  1897.) 

2.  An  hydraulic  company  charges  15d.  per  1,000  gallons  of  water  at  820 
lbs.  per  square  inch  ;  what  is  the  cost  per  H.P.  hour?    (I.C.E.,  Oct.,  1898.) 

3.  The  saddle  of  a  lathe  weighs  5  cwts. ,  and  it  is  moved  along  the  lathe 
bed  by  a  rack  and  pinion  arrangement.  What  force  applied  at  the  end  of 
a  handle  10  inches  long  will  be  just  capable  of  moving  the  saddlt?,  supposing 
the  pinion  to  have  twelve  teeth  of  IJ  inch  pitch,  the  coefficient  of  friction 
between  the  saddle  and  lathe  bed  to  be  0'13,  and  if  35  per  cent,  of  the 
work  done  in  working  the  rack  and  pinion  is  expended  in  overcoming 
friction.     {LCE.,  Feb.,  1902.) 

4.  An  experiment  on  a  windlass  to  determine  the  effort  required  to  lift 
different  loads,  gave  the  following  results  : — 

Load  (lbs.)      0      28      56      84      112      140      168      196      224 
Effort  (lbs.)  1-5    2-75     4      5-2      6-4       7-6      8-8       9-9        11 

The  velocity  ratio  of  the  machine  was  52.  Plot  the  results  on  squared 
paper,  showing  the  effort  curve  on  a  load  base,  and  draw  also  the  friction 
and  efficiency  curves,  finding  at  least  five  points  in  each.  Eind  the  effort 
for  a  load  of  210  lbs.,  and  find  the  mechanical  advantage  and  mechanical 
eJficiency  of  this  load.     (1. 0.  E. ,  Feb. ,  1902. ) 

5.  Explain  why  the  loss  by  friction  in  an  engine  is  neither  constant  nor 
a  constant  fraction  of  the  power  developed.  In  an  experiment  with  an 
engine,  when  running  at  400  revolutions  per  minute,  the  B.H.P.  was  21 
and  the  I.H.P.  25,  and  at  200  revolutions  per  minute  the  B.H.P.  was  4| 
and  the  I.H.P.  6.  Estimate  the  probable  efficiency  at  500  revolutions  per 
minute,  the  I.H.P.  being  44.     (I.C.E.,  Oct.,  1904.) 

6.  In  the  equation  P  =  ( 1  +  e)  R  r  +  Po,  P  is  the  urging  force  applied  to  a 
machine,  R  is  the  working  resistance,  r  is  the  velocity  ratio  of  the  working 
point  to  the  urged  point,  e  is  a  friction  coefficient,  and  Po  is  the  urging 
force  required  to  keep  the  machine  in  motion  when  there  is  no  working 
resistance.  Derive  the  equation  from  fundamental  considerations,  and 
show  how  it  is  modified  to  suit  the  case  in  which  P  is  zero  and  R  just 
reverses  the  machine.  By  means  of  a  crane,  in  which  the  velocity  ratio  of 
fall  to  lift  is  25  to  1,  a  weight  of  J  ton  can  be  raised  by  the  application  of 
a  force  of  67  lbs. ,  and  a  weight  of  4  cwts.  is  just  able  to  run  down  and 
reverse  the  crane.  Find  the  force  necessary  to  lift  1  ton,  and  the  efficiency 
when  that  load  iff  being  raised.     (I.C.E.,  Feb.,  1905.) 

7.  Define  the  terms  "efficiency"  and  "mechanical  advantage"  as  applied 
to  machines.  In  a  jib  crane  a  force  of  40  lbs.  is  required  to  raise  1  ton  and 
105  lbs.  to  lift  5  tons.  The  velocity  ratio  is  220.  Find  the  force  necessary 
to  lift  3|  tons,  and  state  the  efficiency  for  that  load.     (I.C.E.,  Feb.,  1907.) 

8.  Explain  what  is  meant  by — the  brake  efficiency  of  an  engine ;  the 
transmission  efficiency  of  shafting  and  countershafting;  and  the  mechanical 
efficiency  of  a  machine  tool.  What  are  the  principal  causes  of  loss  in  each 
case  ?  A  steam  engine  has  to  be  provided  for  driving  a  number  of  machine 
tools  under  the  following  conditions : — Average  total  power  to  be  delivered 
at  the  machine  tools,  100  H.P.  Average  mechanical  efficiency  of  machine 
tools,  75  per  cent.  Transmission  efficiency  of  shafting  and  countershaft, 
ing,  65  per  cent.     Cost  of  1  lb.  of  steam  per  annum,  4s.     15  per  cent, 
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per  annum  to  be  allowed  for  depreciation,  interest,  and  repairs.  Which 
of  the  two  following  propositions  would  be  the  best  to  adopt  ? — (a)  Steam 
consumption,  14  lbs.  per  I.H.P.  per  hour;  brake  efficiency,  86  per  cent. ; 
cost  of  engine,  complete,  £2,000.  (6)  Steam  consumption,  16  lbs.  per 
I.  H.  P.  per  hour ;  brake  efficiency,  93  per  cent. ;  cost  of  engine,  complete, 
£1,100.     (I.C.E.,  Oct.,  1907.) 

9.  A  steam  engine  is  direct-connected  to  a  dynamo.  At  full  load  the 
electrical  output  is  1 ,000  H.  P.  The  dynamo  losses  (at  full  load)  consist  of 
two  parts,  one  of  20  H.P.  which  is  constant — i.e.,  is  independent  of  the 
load — and  the  other  40  H.P.  which  varies  with  the  load.  In  the  case  of 
the  engine,  the  loss  at  full  brake-load  is  100  H.P.,  and  of  this  loss  90  H.P. 
is  constant  and  10  H.P.  varies  with  the  load.  Explain  how  you  would 
find  the  indicated  H.P.,  at  full  load  and  at  half-load  of  the  dynamo. 
What  is  the  combined  efficiency  in  both  cases?    (I.O.E.,  Feb.,  1908.) 

10.  In  a  screw-jack' the  couple  in  lb. -feet  required  to  raise  a  load  of  W 
lb.  is  0'029  W,  the  pitch  of  the  screw  being  J  inch,  and  the  mean  diameter 
of  the  screw  thread  3  inches.  Pind  a  similar  expression  for  the  couple 
required  to  lower  the  load.     Find  also  the  efficiency  of  the  screw-jack. 

(B.Sc.,  Lond.,  July,  1909.) 
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LECTURE     IX. 

Contents.— Definition  of  Gearing— Train  of  Wheels— Pitch  Surface— Pitch 
Circle — Definitions  of  Pitch  Surface,  Pitch  Line  or  Pitch  Circle,  Pitch 
Point  —  Sizes  of  Spur  and  Bevel  Wheels  —  Velocity- Eatio  of  Two 
Wheels  in  Gear  —  Angular  Velocity-Ratio  —  Definition  of  Angular 
Velocity — Velocity-Ratio  of  a  Train  of  Wheels— Definition  of  Value 
of  Train — Example  I. — Intermediate  or  Idle  Wheel  —  Marlborough 
Wheel — Change  Wheels  for  Screw  Cutting  Lathes — Example  II. — 
Force-Ratio  and  Power  Transmitted  by  Gearing — Examples  III.  and 
IV. — Cable  Grappling,  Picking-up  and  Payiiig-out  Gear — Details  of 
Jamieson's  Cable  Gear — Changing  Speed  by  Friction  Wheels — Changing 
Speed  by  Toothed  Wheels— Changing  Speed  by  Bands  and  Pulleys — 
Changing  Speed  with  Electro-Motor  Connections — Mechanical  Speed 
Gear  combined  with  Variable  Speed  Electric  Motors — Electrically- 
Driven  Lathe — Electric  Overhead  Travelling  Crane — Questions 

Definition  of  Gearing. — The  term  gearing  is  applied  generally  to 
ajiy  arrangement  of  wheel-work  or  link-work,  for  transmitting 
motion  and  power  from  one  place  to  another.  Engineers,  how- 
ever, restrict  the  term  to  denote  any  combination  of  wheels  used  for 
the  transmission  of  motion  and  power  from  one  shaft  to  another. 

When  the  wheels  are  so  arranged  that  they  are  capable  of  com- 
municating motion  from  one  to  the  other,  they  are  said  to  be  in 
gear  ;  otherwise  they  are  said  to  be  out  of  gear. 

Train  of  Wheels. — When  a  number  of  wheels  are  employed  in 
transmitting  motion  and  power  from  one  place  to  another,  it  is 
usual  to  so  arrange  the  wheels  that  each  shaft,  except  the  first 
and  last,  shall  carry  two  wheels  of  different  sizes;  the  smaller  of 
these  is  made  to  gear  with  the  larger  one  on  the  shaft  next  in 
order.     Such  an  arrangement  is  termed  a  Train  of  Wheels. 

In  any  train  of  wheels,  that  wheel  which  causes  motion  is 
termed  the  Driver,  and  that  which  receives  the  motion  is  called 
the  Follower.  Usually,  however,  the  terms  driver  and  follower 
are  applied  to  any  contiguous  pair  of  wheels  in  the  train. 

The  connection  between  a  driver  and  its  follower  may  be  made 
in  either  of  three  ways  : — 

I.  By  rolling  contact  at  their  surfaces,  as  in  toothless  wheels  or 
frietiovi  gearing. 

II.  By  slidmg  contact  of  their  surfaces,  as  in  toothed  gearing. 

III.  By  belts,  ropes,  or  chains. 

The  first  two  methods  are  adopted  when  the  shafts  to  be  con- 
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nected  are  close  together.  In  such  cases  the  wheels  are  in  actual 
contact  with  each  other.  The  third  method  is  adojjted  when  the 
shafts  are  so  far  apart  that  it  becomes  impracticable  or  incon- 
venient to  use  friction  or  toothed  wheels.  However,  circumstances 
other  than  the  mere  distance  apart  of  the  shafts  often  determine 
which  method  of  connection  should  be  adopted.  The  advantages  and 
disadvantages  attending  each  method  will  appear  in  what  follows. 

In  this  Lecture  we  shall  deal  with  the  velocity-  and  force-ratios 
communicated  by  wheels  in  gear,  particularly  with  friction  and 
toothed  gearing,  leaving  their  theory  of  construction  and  design  to 
subsequent  Lectures.  We  begin  by  defining  a  few  of  the  general 
terms  employed. 

Pitch  Surface — Pitch  Circle. — Motion  may  be  communicated 
from  one  shaft  to  another  by  rolling  contact  between  the  surfaces 
of  bodies  rigidly-fixed  to  the  shafts.  The  shafts  to  be  connected 
may  be  (1)  parallel,  (2)  intersecting,  or  (3)  neither  parallel  nor 
intersecting.  The  third  case  will  not  come  under  our  notice  in 
this  text-book.  The  velocity-ratio  transmitted  may  require  to  be 
constant  or  variable.  It  is  only  for  very  special  machinery  that  a 
variable  velocity-ratio  is  required,  and  we  shall,  therefore,  not 
consider  it  here.  We  have,  therefore,  to  consider  the  case  of  a 
constant  velocity-ratio  between  two  parallel  or  intersecting  shafts. 
The  rigid  bodies  fixed  to  the  shafts,  and  through  which  the 
motion  has  to  be  transmitted,  must  be  cylindrieal  for  parallel 
shafts,  and  conical  for  intersecting  shafts.  These  bodies  we  shall 
now  call  wheels,  being  spur  or  bevel,  according  as  they  are  cylin- 
drical or  conical  —  i.e.,  according  as  they  are  used  to  connect 
parallel  or  intersecting  shafts. 

The  surfaces  of  the  wheels,  which,  by  their  rolling  contact,  com- 
municate the  required  velocity-ratio,  are  called  Pitch  Surfaces. 
In  ordinary  friction  gearing  these  pitch  surfaces  have  a  real 
physical  existence,  but  in  toothed  gearing  they  have  no  such 
existence.  However,  for  constructive  and  other  purposes,  it  is 
necessary  to  imagine  such  surfaces  as  also  existing  in  their  case. 
Hence,  we  have  the  following  : — 

Definition. — The  Pitch  Surface  of  a  Toothed  Wheel  is  an 
ideal  surface  (intermediate  between  the  crests  of  the  teeth  and 
the  bottoms  of  the  spaces),  which,  by  rolling  contact  with  the 
pitch  surface  of  another  wheel  would  communicate  the  same 
motion  that  the  toothed  wheels  communicate. 

Definition. — The  Pitch  Line  or  Pitch  Circle  is  a  section  of 
the  pitch  surface  perpendicular  to  it  and  to  the  axis  of  the  shaft. 

In  the  case  of  cylindrical  pitch  surfaces,  the  surface  of  section  is  a 
plane  perpendicular  to  the  axis  of  the  shaft;  while  for  conical  pitch 
surfaces  it  is  a  sphere  having  its  centre  at  the  apex  of  the  cone. 
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Definition. — The  Pitch  Point  of  a  pair  of  wheels  in  gear  is 
the  point  of  contact  of  their  pitch  lines  or  circles. 

In  bevel  gearing  only  frusta  of  the  conical  surfaces  are  employed. 

Equal  bevel  wheels  having  the  angle  at  the  apex  of  their  pitch 
cones  equal  to  a  right  angle  are  called  Mitre  Wheels.  Mitre 
wheels  are  used  when  two  shafts  at  right  angles  to  each  other 
have  to  rotate  with  equal  speeds. 

Sizes  of  Spur  and  Bevel  Wheels. — The  size  of  a  spur  wheel  is 
measured  by  the  diameter  of  its  pitch  circle.  With  bevel  wheels, 
however,  the  pitch  circle  is  of  variable  diameter.  For  some  pur- 
poses, the  size  of  the  bevel  wheel  is  measured  at  the  larger  end  of 
the  conical  frustum,  while  for  other  purposes  it  is  measured  at  a 
pitch  circle  half  way  between  the  larger  and  smaller  ends  of  the 
frustum.  For  mere  convenience  in  stating  the  relative  sizes  of 
bevel  wheels,  the  first  of  these  methods  is  adopted ;  but  for 
calculations  relating  to  power  transmitted,  &c.,  we  require  to 
adopt  the  second  method.  In  applying  the  following  results  of 
this  Lecture  to  bevel  gearing,  it  must,  therefore,  be  remembered 
that  the  diameter,  pitch  circle  velocity,  &c.,  refer  to  the  pitch 
circle  hal/  way  between  the  larger  and  smaller  ends  of  the 
frustum. 

Velocity-Ratio  of  Two  Wheels  in  Gear. — When  toothed  gearing 
has  properly  formed  teeth,  and  the  wheels  are  accurately  in  gear, 
then  the  velocity-ratio  transmitted  is  kinematically  identical  with 
that  obtained  by  the  rolling  of  their  pitch  surfaces  in  contact 
without  slipping.  Hence,  in  what  follows,  we  shall  consider  the 
velocity-ratio  of  the  pitch  circles  only. 

Let  A  and  B  be  the  centres  of  two  wheels  in  gear. 
„    Dj,  Dg  =  Diameters  of  pitch  circles  A  and  B  respectively. 
„    Nj,  Ng  =  Number  of  revolutions  of  wheels  A  and  B  „ 

in  unit  time. 
„     M],  Wg  =  Number  of  teeth  on  „  „       „ 

Then,  since  no  slipping  takes  place,  we  must  have  : — 

Circumferential  Velocity  of  A.  =  Circumferential  Velocity  of  3. 

^DjNj  =  TD2N2. 

Or  ^^  =  5i 

N,        D, 

Also.  ^  =  ?! 


n, 


■2 


D, 


N,       W,      n, W 
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Consequently,  tfie  speeds  of  two  wheels  in  gear,  are  inversdy  eu 
their  diameters  or  number  of  teeth. 

Angular  Velocity-Ratio. — Sometimes  we  require  to  knew  the 
angular  velocity-ratio  of  two  wheels  in  gear  in  terms  of  their 
diameters  or  number  of  teeth.  This  we  now  proceed  to  determine, 
but,  in  the  first  place,  we  give  the  following  : — 

Definition. — The  Angtdar  Velocity  of  a  rotating  body  is  the 
circular  measure  of  the  angle  described  in  unit  time  by  any  line  in 
that  body. 

Let  4)j,  4)2  =  Angular  Velocity  of  wheels  A  and  B  respectively. 


Vblooitt-Ratio  of  Two  Cibottlab  Discs. 

During  a  small  interval  of  time  let  the  radii,  A  0,  B  C,  be  dis- 
placed through  tho  angles  6  and  (p  into  the  positions  A  D,  B  E 
respectively. 


Then, 

But, 

i.e., 

Or, 


Hence, 


Arc  C  D  =  Arc  0  E. 

r^6  =  r^  <p. 


52 
D, 


(H) 
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Consequently,  the  angular  velocities  of  two  wheels  in  gear,  are 
iivoersely  as  their  diameters  or  number  qf  teeth. 

It  may  be  useful  here  to  state  the  relation  between  the  angular 
velocity  of  a  wheel  and  the  linear  velocity  of  a  point  on  its  pitch 
circle. 

Let  V  =  Linear  velocity  of  a  point  on  the  pitch  circle. 
„     ft)  =  Angular  velocity  of  wheel. 
„      r  =  Radius  of  pitch  circle. 

Since  ca  is  the  angle  described  in  unit  time  by  any  radius, 
then  : — 

Arc  described  in  unit  time  by  a)  _ 
point  at  distance,  r,  from,  axis,   j  " 

But  the  length  of  this  arc  represents  the  velocity,  V. 

Hence,  Y  =  ui  r. 

Again,  since  V  =  2  o-  r  N. 

.'.  2  ^  r  N  =  w  r. 

Or,  w  =  2  ff  N. 

Velocity-Ratio  of  a  Train  of  Wheels. —  In  questions  relating 
to  trains  of  wheels  there  is  a  certain  advantage  in  denoting  the 
radii,  diameters,  or  number  of  teeth  on  the  various  wheels  by 
single  letters,  such  as  A,  B,  C,  ...  ,  which  letters  also  may 
indicate  the  wheels  themselves.* 

Definition. — The  ratio  of  the  number  of  revolutions  of  the 
last  wheel  in  a  train  to  the  number  of  revolutions  of  the  first 
wheel  in  the  same  time  is  called  the  Value  of  the  Train. 

Thus,  denoting  the  value  or  velocity-ratio  of  the  train  by  e, 
we  get : — 

Bevolutions  of  last  wheel  in  any  time 


e  = 


Bevolutions  of  first  wheel  in  the  same  time ' 


Let  Nj,  N,  denote  the  number  of  revolutions  made  by  frst  and 
last  wheels  in  a  train  in  a  given  time ;  then  : — 

e  =  ^  ;  or,  Nj  =  e  Nj.     .     .     .  .  (Ill) 

•  In  the  Elementary  Manual  on  Applied  Mechanics,  we  denoted  the 
drivers  of  a  train  of  wheels  by  Di,  Dj,  Dg,  &o.,  and  the  followers  by 
Fi,  Fj,  Fg,  &o.  (see  Lecture  XII.  of  the  same).  Students  may  adopt  either 
method  of  notation. 
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The  figure  shows  a  train  of  wheels,  A,  B,  0,  D,  E,  and  F, 
whereof  A  may  be  called  the  first  wheel,  or  driver,  and  F  the  last 
wheel,  or  follower.  On  each  of  the  intermediate  shafts,  BO,  D  E, 
there  are  two  wheels  of  different  sizes,  the  smaller  wheel  of  each 
shaft  gearing  with  the  larger  one  on  the  following  shaft.  From 
what  has  been  said  at  the  beginning  of  this  Lecture,  we  may  con- 
sider each  of  the  pairs  of  wheels.  A,  B  j  0,  D ;  and  E,  F,  as 
driver  and  follower  with  respect  to  each  other.  The  first  and 
last  shafts,  A  and  P,  each  carry  one  wheel  only. 

Let  Nj,  Ng,  Nj,  N^  denote  the  speeds  or  number  of  revolutions 


Velooity-Eatio  OB  A  Teain  op  Wheels. 

per  minute  of  the  first,  second,  third,  and  fourth  shafts  respec- 
tively : — 


Then, 


Ng  _  A      N_3 


C_     N, 
D  '   N, 


i  _ 


Multiplying  together  the  corresponding  sides   of  these    three 
equations,  we  get : — 


^4 


A        C^ 
B    ^   D  ^ 


p> 


i.e.,       The  velocity-ratio  e  = 


A 

X 

0    X 

E 

B 

X 

D  X 

F 

A 

X 

C  X 

E 

B  X  D  X  F" 


(IV) 
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This  is  true,  however  many  wheels  are  in  the  train,  and  thus 
we  have  the  following  rule  : — 

( Product  of  radii,  diameters,  or  number 

Value  of  a  Train  =  t     of  teeth  of  aJl  the  drivers ^ 

(  Product  of  radii,  diameters,  or  number 
(     of  teeth  of  all  the  followers 

Example  I. — The  table  of  a  planing  machine  has  to  be  moved 
backward  and  forward  at  the  rate  of  12  feet  per  minute  by  a  rack 
and  pinion  arrangement  underneath  it.  The  gearing  consists  of 
three  shafts ;  the  first  carrying  the  pinion  which  gears  with  the 
rack ;  the  last  carrying  the  pulley  on  which  a  belt  works.  The 
pinion  gearing  with  the  rack  has  12  teeth  of  IJ  inches  pitch.  On 
the  same  shaft  as  this  pinion  is  a  wheel  of  40  teeth.  This  wheel 
gears  with  a  pinion  of  15  teeth  on  the  second  shaft.  A  wheel 
of  30  teeth  on  this  shaft  gears  with  a  pinion  of  12  teeth  on  the 
last  shaft.  Find  the  number  of  revolutions  of  the  last  shaft  per 
minute. 

Answer. — Let  A,  B,  0,  D  denote  the  numbers  of  teeth  on  the 
wheels  gearing  together,  where  : — 


Then, 


A  =  40,  B  =  15,  0  =  30,  D  =  12, 

_  A  X  0  _  40  X  30  _  20 
''~BxD~'15xl2~    3' 


Since  the  pitch  of  the  teeth  on  rack  and  pinion  is  1^  inch,  and 
the  speed  of  the  rack  is  12  feet  per  minute  : —  ■ 

.'.  Revolutions  of  first  \  _  Speed  of  table 

shaft  per  minute   J   "  Circumference  of  pinion  ' 


12  X 

12  inches 

per 

minute 

12  X 

1 J  inches 

48 
5    " 

OS 

e  Na 

20 

H 

=  64. 

.*.  Revolutions  of  last 
shaft  per  minute 

Intermediate  or  Idle  Wheel. — Sometimes  a  wheel  carried  on  a 
separate  axle  is  interposed  between  two  other  wheels,  or  introduced 
into  a  train  of  wheels,  for  the  purpose  of  changing  the  relative 
directions  of  rotations  of  the  first  and  last  wheel.  Such  an  inter- 
mediate wheel  is  called  an  idle  wheel,  because  it  does  not  affect  the 

5  13 
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numerical  value  of  the  train,  but  only  its  sign.  That  an  idle 
•wheel  has  the  effsct  just  stated  may  easily  be  proved  by  considering 
the  velocity-ratio  of  a  pair  of  wheels  connected  through  an  inter- 
mediate one. 

Instances  of  the  use  of  idle  wheels  are  very  common  in  gearing, 
but  the  two  following  will  serve  as  examples  : — 

I.  Marlborough  Wheel. — When  two  parallel  shafts,  A  and  G, 
are  so  close  together  that  they  cannot  be  conveniently  connected 
in  the  ordinary  way,  a  broad  wheel,  B,  called  a  Marlborough  wheel, 
may  be  introduced  as  shown.  This  wheel  has  the  efl'ect  of  causing 
the  shafts,  A  and  0,  to  rotate  in  the  same  direction,  but  in  no 
way  does  it  affect  the  velocity-ratio  which  would  be  obtained  by 
the  direct  gearing  of  the  wheels  A  and  0.  There  are  other 
methods  whereby  the  same  object  could  be  attained  as  with  a 


MaiKiBOrouoh  Wheel. 

Marlborough  wheel  arrangement ;  but  with  these  we  are  not  at 
present  concerned. 

II.  Change  Wheels  for  Screw  Cutting  Lathes.*  —  In  screw 
cutting  lathes,  a  train  of  wheels,  called  change  wheels,  is  inter- 
posed between  the  back  end  of  the  lathe  spindle  and  the  leading 
screw,  for  the  purpose  of  transferring  motion  to  the  saddle,  and 
determining  that  the  cutting  tool  shall  be  moved  through  a 
definite  pitch  for  each  rotation  of  the  cylinder  to  be  turned  or 
screwed.  Every  turn  of  the  leading  screw  moves  the  saddle  and 
cutting  tool  through  a  distance  equal  to  its  pitch,  and,  conse- 
quently, if  the  bar  to  be  screwed  turn  at  the  same  rate  as  the 
leading  screw,  the  pitch  of  the  screw  cut  upon  it  will  be  the  same 
as  that  of  the  leading  screw.  If  it  move  faster  than  the  leading 
screw,  the  pitch  will  be  less;  and  if  slower,  the  pitch  will  be 
correspondingly  greater.      It  therefore   follows    as  a   matter  of 

*  See  the  author's  Manual  on  Applied  Mechf^nia,  Lecture  XVL,  for 
description,  4o.,  of  a  spfew  gutting  lathe. 
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course,  that  if  -we  fit  wheels  on  the  lathe  spindle  and  on  the 
leading  screw  of  the  same  diameter,  or  having  the  same  number 
of  teeth,  the  screw  being  cut  will  have  the  same  pitch  as  the  lead- 
ing screw.  If  we  fix  a  small  pinion,  or  one  with  few  teeth,  on  the 
lathe  spindle  and  a  wheel  of  large  diameter,  or  many  teeth,  on  the 
leading  screw,  the  pitch  of  the  screw  to  be  cut  will  be  small,  com- 
pared with  that  of  the  leading  screw.  The  leading  screw  is  generally 
right-handed,  in  which  case  the  screw  to  be  cut  will  be  right-handed 
or  left-handed,  according  as  its  direction  of  rotation  is  the  same  as, 
or  difierent  from,  that  of  the  leading  screw.  In  the  former  case, 
there  must  be  at  least  one  intermediate  axis  between  the  lathe 
mandril  and  the  leading  screw.  If  the  wheels  on  the  lathe  man- 
dril and  on  the  end  of  the  leading  screw  are  of  the  proper  size  for 
the  necessary  velocity-ratio,  then  the  intermediate  axis  must  carry 
au  idle  wheel.  Sometimes  the  wheels  required  to  give  the  proper 
velocity-ratio  and  relative  direction  of  rotation  cannot  be  correctly 
adjusted  without  the  interposition  of  more  wheels  in  the  train, 
when  it  may  be  necessary  to  introduce  one  or  more  idle  wheels. 

Let  pc  =  Pitch  of  screw  to  be  cut,  in  inches. 
„  p^  =  Pitch  of  parent  or  leading  screw,  in  inches. 
,,      e  =  Effect  or  value  of  train  of  change  wheels. 

Then, 

Fitch  of  screw  to  he  cut  _  Speed  of  leading  screw 
Pitch  of  leading  screw        Speed  of  lathe  mandril ' 

f^-e (V) 

The  problem,  then,  consists  in  finding  a  train  of  wheels  which 

shall  have  its  value,  e  =  —  . 
Pi 

Example  II. — The  leading  screw  of  a  lathe  is  ^  inch  pitch  and 
right-handed.  The  set  of  change  wheels  belonging  to  the  lathe 
consists  of  the  following  :— 20,  25,  30,  35,  40,  45,  50,  60,  70,  80, 
90,  100,  110,  and  120  teeth  respectively.  Devise  suitable  trains 
to  cut  (1)  a  right-handed  screw  of  8  threads  to  the  inch,  and  (2)  a 
left-handed  screw  of  12  threads  to  the  inch. 

Answer.- — (1)  The  number  of  threads  on  the  screw  to  be  cut 
being  8  per  inch,  its  pitch  is,  therefore,  Pe  ==  i  inch. 

Hence,  e  =  ^  =  i  =  i. 

Pi       i       ^ 
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Both  screws  being  right-handed,  they  must  rotate  in  the  same 
direction.  Heoce  the  train  of  change  wheels  must  have  an  odd 
number  of  axes.     Let  there  be  three  axes  in  the  train. 

(a)  The  sizes  of  the  first  and  last  wheels  in  the  train  may  be 
such  that  the  required  velocity-ratio  could  be  obtained  by  those 
wheels  in  direct  gear.  In  this  case  the  intermediate  axis  must 
carry  an  idle  wheel  of  any  convenient  size,  such  as  B,  in  the  left- 
hand  figure. 


A 
L 


e  =  i  = 


20 
80^ 


25 
"'■'  =  100 '  *"■' 


30 
120" 


(b)  The  sizes  of  the  first  and  last  wheels  need  not  be  such  as 


Change  Wheels  for  Cutting  a  Kight-handed  Scebw. 

^ve  the  required  velocity-ratio  by  their  direct  gear.  In  this  case 
the  intermediate  axis  must  carry  two  wheels  of  different  sizes  as  in 
the  right-hand  figure. 

The  following  train  will  answer  the  purpose  : — 


A 


B 


e  =  i  = 


25  X  40 
50  X  80" 


(2)  The  screw  to  be  cut  being  left-handed,  the  leading  screw 
must  rotate  in  the  opposite  direction  from  that  of  the  lathe  man- 
dril ;  hence  the  train  must  consist  of  an  even  number  of  axes. 
Let  there  be^oMr  axes  in  the  train. 

(fls)  Let  A  and  L  be  of  such  sizes  that  they  would  transmit  the 
proper  velocity-ratio  if  geared  directly.  Then  the  two  inter- 
mediate axes  must  each  carry  an  idle  wheel  as  in  the  left-hand 
figure. 
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Here, 


Pi 


1^  _  1 


■=-=  e  =  i  = 


20 
120' 


(b)  The  wheels  A  and  L,  not  being  of  the  above  sizes,  we  may 
arrange  the  train  so  that  one  of  the  intermediate  axes  carries  an 
idle  wheel,  or  that  there  are  no  idle  wheels  in  the  train.     These 


flWy 
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ai-rangements  are    shown   by  the   middle  and  right-hand  figures. 
The  trains  may  be  as  follows  : — 


With  one  idle  wheel, 


A 


B 


1  _ 

6    ~ 


A    X 

Or,  With  no  idle  wheel,  g — 


E 


20 

X 

35 

60 

X 

70- 

20 

X 

25  X 

30 

40  X  45  X  50 


Force-Ratio  and  Power  Transmitted  by  Gearing. — For  certain 
purposes,  as  in  hoisting  and  similar  machinery,  a  small  effort,  P, 
moving  through  a  comparatively  great  distance,  may  be  utilised  in 
overcoming  a  much  greater  effort  or  resistance,  W,  through  a 
much  smaller  distance.  For  other  purposes,  where  speed  is  the 
ultimate  desideratum,  the  converse  of  the  above  would  be  adopted; 
i.e.,  a  large  effort,  P,  moving  slowly,  overcomes  a  smaller  resist- 
ance, W,  moving  rapidly.  In  any  case,  it  is  evident  from  the 
Principle  of  Work,  that  what  is  lost  or  gained  in  speed  is  gained 
or  lost  in  the  resistance  overcome.  To  modify  the  effort  during 
its   transmission   to  the  working  point,  suitable  mechanism  has 
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to  be  employed.  Several  forms  of  mechanism  for  this  purpose 
have  been  considered  in  previous  Lectures;  consequently,  we 
proceed  at  once  to  express  the  force-ratio  obtained  by  a  train 
of  wheels. 

Let  the  eflfort,  P,  be  applied  by  hand  or  by  an  engine  to  the 
end  of  a  lever  or  crank  rigidly  fixed  to  the  first  axle  or  shaft  at  A, 
while  the  resistance  to  be  overcome  is  applied  at  the  circumference 
of  a  drum  or  pulley  keyed  to  the  last  axle  or  shaft,  F,  in  the 
following  train  of  wheels  : — 

Let  Pj,  Pg,  Pg  =  Tangential  pressures  at  points  of  contact  of 
wheels  in  gear, 

»    ''o,  ''6,  <fec.  =  Kadii  of  wheels  denoted  by  the  capitals  of 
these  suffix  letters, 

„  R  =  Length  of  lever  handle  or  crank, 

„  r  =  Kadius  of  drum  or  pulley, 

„  e  =  Value  of  train. 


OF  ROPES 


Power  Transmitted  by  Gearing. 
Then,  by  the  Principle  of  Moments,  we  get : — 
P  X  R  =  Pj  X  ra .  .  .  . 
P^  X  rj  =  Pj  X  re  .  .  .  . 
P2  X  rd  =  Pg  X  r,  .  .  .  . 
Pj  X  r/  =  W  X  r   .    .     .     . 


(1) 
(2) 
(3) 
(4) 
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Multiplying  together  the  corresponding  members  of  these  equa- 
tions, and  cancelling  the  terms  Pj,  Pg,  and  Pg,  we  get : — 

P  X  R  X  rj  X  Td  X  Tf  =  W  X  r  x  Ta  x  Vc  x  r^ . 

W       R  \r,  xr^xr^J 
But, 


W 

Ta  X  Tc    X  re 

e  =  

ri,  X  Td  X  ry 


(VI) 


The  results  expressed  in  equation  (VI)  may  be  more  easily 
arrived  at  in  the  following  way  : — 

By  the  Principle  of  Work  (neglecting  friction,  &c.),  we  get : — 

F  X  its  displacement  =  W  x  its  displacement. 

_  P        Ws  displacement  in  a  given  time 

'  W  ~  P's  displacement  in  the  same  time" 

-,  P^  _  Velocity  of  W  _  2  ■tt  r  x  N^ 

°^'  W  -  Velocity  of  P    "  2^Rx  N/ 

Or,  W'Il""^- 

Equations  (1),  (2),  (3),  and  (4)  may  be  used  in  finding  the 
tangential  resistances  Pj,  P^,  Pg. 

Neglecting  friction,  the  power  transmitted  at  any  stage  of  the 
transmission  is  constant.  Thus,  the  power  transmitted  from  the 
second  to  the  third  shaft  is  the  same  as  that  done  at  the  driving 
or  working  ends. 

Let  H.P.  =  Horse-power  transmitted, 

„  P  =  Tangential  pressure  in  lbs.   at  pitch  surface  of 

any  given  wheel  in  the  train, 

„         V  =  Velocity  in  feet  per  minute  at  the  pitch  surface 
of  the  given  wheel. 

Then,  clearly,  H.P.  =  ^ (VII) 
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Example  III. — ^The  handles  of  a  double-purchase  lifting  crab 
are  16  inches  long.  The  pinions  have  14  and  20  teeth  respec- 
tively, and  the  wheels  gearing  with  these  have  84  and  100  teeth 
respectively.  The  diameter  of  the  barrel  is  12  inches,  thickness 
of  rope  1  inch.  Find  the  effort,  P,  necessary  to  raise  a  load  of 
30  cwts.,  friction  being  neglected.  If  the  diameter  of  the  pinion 
on  the  first  motion  shaft  be  6  inches,  find  the  pressure  between 
the  teeth  of  each  pair  of  wheels  in  gear. 


DoUBtB-PtlBCHASE  WiNCH  OE  CSAS. 


Answer. — The  accompanying  figure  shows  a  general  view  of  a 
double-purchase  lifting  crab.  For  sketches  and  description  of 
similar  lifting  machinery  we  must  refer  the  student  to  the  author's 
MwnudL  on  Applied  Mechanics,  Lecture  XIII. 

Here  R  =  16  inches,  r  =  radius  of  barrel  +  J  thickness  oi 
rope  =  6J  inches. 

-o- ,       f ,     .  14  X  20  1 

Value  of  tram  =  e  =  =r^ =-j^  =  — r-. 

84  X  100       30 


P^ 

W 


r 


X  «. 


DOUBLE-PURCHASE   CRAB. 
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Or, 


er 


30  X  112  ~  16"       30  • 
i.e.,  P  =  45'5  lbs. 

Since  there  are  two  handles,  the  effort  exerted  on  each  will  be: — • 

^  P  =  22-75  lbs. 
Next,  to  find  the  pressure  between  the  teeth  of  the  wheels. 

-,    >  P 


DiAGKAM  OF  WhEBL-WOKK  OF  A  DoUBLE-PDROHASE  CrAB 

TO  Illustrate  Example  III. 


Let  Pi,  Pg 


Pressures  between  the  first  and  second  pinions 
and  their  followers  respectively. 


Then,     Pj  x  radius  of  pinion  A  =  P  x  E,. 

Pj  X  3  =  45-5  X  16. 
•  Pj  =  243  lbs. 

Also,       Pj  X  radius  of  pinion  C  =  Pj  x  radius  of  wheel  B. 

radius  of  wheel  B 


Or, 


radius  of  pinion  0  • 
number  of  teeth  on  B 


^         1     number  of  teeth  on  C  ' 
P2  =  243  X  1^  =  1,019  lbs. 
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From  these  results  we  notice  that  the  wheels  should  be  made 
stronger  as  they  approach  the  barrel  shaft. 

Example  IV.  —  A  water-wheel  making  two  revolutions  per 
minute  is  provided  with  an  internal  toothed  wheel  of  24_  feet 
diameter  at  the  pitch  circle.  This  wheel  gears  with  a  train  of 
wheels,  thus  : — Pinions  of  8,  6,  4,  and  2  feet  diameter,  and  wheels 
of  12,  10,  and  8  feet  diameter.     The  last  shaft  in  the  train  carries 


To  iLIiXJSTRATE  EXAMPLE   IV. 

Power  Teansmittbd  pkom  a  Water-Wheel  by  Toothed- 
Gearing  AND  Ropes. 


a  rope  pulley  of  8  feet  diameter.  If  40  horse-power  be  trans- 
mitted, find  the  total  driving  tension  in  the  ropes  and  the  pressure 
between  the  teeth  of  each  pair  of  wheels  in  the  toothed  gearing. 

Answer. — The  arrangement  is  shown  by  the  accompanying 
sketch. 
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The  value  of  the  train  is  : — 

^  24  X  12  X  10  X  8 
*~     8x6x4x2 


=  60. 


""'"irS*""'}  =V-DN.  =  .DN, 


22 
=  -=-  X  8  X  2  X  60  ft.  per  minute. 


Let  T  =-  Driving  tension  in  ropes  in  lbs. 

TV 


Then,  H.  P. 


'33,000' 


,„       40  X  33,000         ,„„,  ,^ 
T  =  22 =  437-5  lbs. 

y  X  8  X  2  X  60 

Let  Pj,  Pj,  <kc.,  denote  the  tangential  pressures  at  the  pitch 
circles  of  the  various  pairs  of  wheels  in  gear. 

Let  ra,  rj,^  &c.,  denote  the  radii  of  wheels.  A,  B,  <feo.,  respec- 
tively. 

Then,  since  the  power  developed  at  pitch  circle  of  wheel  A,  is 
equal  to  the  power  transmitted  by  ropes  on  pulley  K,  we  get : — 

Pj  X  Circumferential  speed  of  A  =  T  x  Circwtnferential  speed  ofK. 

Pix2(j-»-„]Sri  =  Tx2<rriNi  . 

Pi  =  Tx^xe. 

Or,  Pj  =  437-5  X  ^  X  60  =  8,750  lbs. 

Next,  Pz  X  re  =  Pj  x  rj  . 


4 
But,  P3  X  r^  =  Pg  X  ra 


P2  =  8,750  X  ~  =  5,833-3  lbs. 


P3  =  5,833-3  X  I  =  3,500  lbs. 


Lastly,  1*4  *"■»  =  1*3  >*  »y 

2 


P4=  3,500  x^  =  1.750  lbs. 
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Cable  Grappling,  Picking-up  and  Paying-out  Gear. — As  another 
practical  example  of  power  transmitted  by  toothed  gearing,  we 
herewith  give  illustrations  and  description  of  one  form  of  picking- 
up  and  paying-out  gear,  devised  by  the  author  for  use  on  board 
submarine  cable-repairing  steamers.  If  the  student  refers  back  to 
the  first  folding  page  in  Lecture  VIII.,  Vol.  I.,  he  will  observe  the 
position  of  the  "  grappling  and  forward  paying-out  gear."  He 
will  also  be  able  to  trace  the  cable  or  grapnel  rope's  line  of 
action — as  the  case  may  be — during  its  passage  upwards  from 
the  sea  over  the  bow  sheaves  and  the  forward-guide  pulley, 
then  under  the  dynamometer  pulley  and  over  its  after-guide 
one  to  the  drum  of  the  picking-up  or  grappling  gear,  from  which 
it  goes  to  the  forward  deck  or  to  the  cable  tank  as  indicated. 
Most  of  the  smaller  and  newer  cable  repairing  steamers,  possess 
only  one  set  of  such  gear.  It  serves  the  several  purposes  of 
paying  out  and  picking  up  the  grappling  rope,  deep  buoy  ropes, 
and  the  comparatively  short  lengths  of  cable,  which  have  to  be 
dealt  with  during  these  interesting  and  necessary  operations. 
On  the  larger  steamers  which  have  to  lay  down  long  lengths  of 
submarine  cable,  paying-out  gear  is  also  fitted  on  the  after  part 
of  the  ship,  as  it  has  been  found  more  convenient  in  many  ways 
to  deal  with  the  submersion  of  lengths  of,  say,  over  20  or  30 
nauts  from  the  stern  of  the  vessel ;  whereas,  during  repairs  to 
a  cable,  the  work  of  grappling,  picking-up  and  paying-out,  may 
be  entirely  confined  to  the  forward  part  of  the  ship,  and  hence 
only  one  set  of  gear — such  as  we  are  about  to  describe — is 
necessary. 

The  stresses  which  have  to  be  endured  by  grappling  and 
picking-up  gear,  are  often  very  sudden  and  severe.  These  are 
indicated  by  the  dynamometer,  as  explained  near  the  end  of 
Lecture  VIII.,  Vol.  I.  For  example,  the  author,  whilst  engaged 
repairing  a  submarine  cable  off  the  Portuguese  coast,  which  was 
laid  at  a  depth  of  over  11,000  feet,  observed,  with  2,200  fathoms 
(13,200  feet)  of  grapnel  rope  out,  that  the  mean  working  stress 
was  55  cwts.  (6,160  lbs.).  After  hooking  the  cable,  and  whilst 
lifting  the  same  700  fathoms  from  the  bottom,  the  stress  rose 
at  times  to  90  cwts.  (10,080  lbs.).  Again,  whilst  grappling  in 
shallow  waters  of  30  to  100  fathoms  on  a  rocky  bottom,  the 
grapnel — if  of  the  strong,  long-pronged,  unrelieving  type — often 
caught  on  the  rocks,  and  the  stresses  jumped  very  suddenly 
to  the  breaking  point  of  the  rope  or  the  grapnel  toes.  The 
author  has  frequently  experienced  under  such  circumstances 
sudden  jerks  on  the  grapnel  rope  amounting  to  15,000  lbs. 
and  more,  as  well  as  found  parts  of  the  cable  gear  give  way. 

Seeing  that  such  stresses  act  through  the  grapnel  rope  at  the 
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circumference  of  the  picking-np  drum — which  is  seldom  less 
than  6  feet  in  diameter — it  is  of  the  greatest  importance  to 
have  the  large  main  spur-wheel  rigidly  fixed  to  the  drum,  with 
its  tooth  pitch  line  of  nearly  the  same  radius.  Also,  to  have 
as  little  "backlash"  as  possible  between  the  teeth  of  the  various 
wheels  in  gear.  In  the  year  1902  the  teeth  of  one^of  the 
pinions  in  the  (old)  gear  of  the  cable  ship  "Newington"  was 
completely  stripped  whilst  working  on  rocky  bottom  in  the 
West  Indies.  Such  accidents  cause  great  annoyance,  delay, 
and  expense.* 


Side  Elevation  or  Jamibson's  Cable  Gear. 
(With  Engines  for  Picking-up  and  Paying-out  at  the  same  time.) 

Details  of  Jamieson's  Cable  Gear, — Two  steel  plate  frames,  F,  F, 
strengthened  and  stiffened  by  angle  irons  all  round  their  edges, 
are  bolted  between  the  main  and  upper  decks  of  the  ship,  in 

*  Strong  steel  helical  teeth  of  the  form  described  at  the  end  of  Lecture 
XIV.  are  sometimes  used  in  modern  up-to-date  cable  gears.  Machine-cut 
gear  is  seldom  employed.  To  prevent  excessive  stresses  due  to  the  grapnel 
toes  getting  jammed  in  rocks,  the  author  devised  and  patented  a  self- 
relieving  form  of  grapnel,  as  described  in  Mvmro  and  Jamieson's  Pocket- 
Booh  of  Mectrical  Rmes  and  Tables,  which  was  used  with  good  effect  on 
rocky  bottoms.     It  cleared  rocks,  but  caught  and  held  the  cable. 
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the  forward  position  shown  by  the  first  folding  plate  in  Lecture 
VIII.,  Vol.  I.,  at  the  place  indicated  by  the  words  engines  and 
drum.  A  strong  central  hollow  steel  shaft  or  tube,  T,  is  fixed  to 
these  frames  by  strong,  screwed,  round  flanged  nuts,  R  R,  on  each 
side  of  the  frames  as  shown  in  section  at  the  left-hand  side  of 
the  side  elevation.  The  tube,  T,  is  in  two  parts  connected 
together,  and  supported  at  its  centre  by  a  strong  bracket  and 
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End  Elbtation  of  Jamieson's  Casu:  Geab. 


bearing,  9,  so  that  each  half  can  revolve  quite  independently 
of  the  other  half.  On  the  two  outer  overhanging  ends  of  T, 
there  are  fitted  steel  plate  drums,  D.  Each  drum,  D,  is  rigidly 
connected  to  its  own  large  annular  spur-wheel,  W,  gearing  \yith 
a  pinion,  Pj,  as  illustrated  and  described  at  the  end  of  Lecture 
XII.  The  outer  rims  of  the  wheels,  W,  W,  are  accurately 
turned  to  receive  the  brake  strap  with  its  working  faced 
blocks,  B.      The  drums,  D,  D,  with  wheels,  W,  W,  are  there- 
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fore  free  to  turn  on  the  outside  of  the  tubes,  T,  T,  which 
extend  beyond  the  frames,  P,  F,  quite  independently;  or,  they 
may  be  coupled  together  by  the  clutch,  14,  to  the  secondary 
shafts,  SS,  so  as  to  act  together.  This  independent  and  col- 
lective action  of  the  two  drums,  is  of  the  greatest  importance 
in  cable  workj  since,  when  a  cable  is  brought  to  the  bows  and 
cut,  one  end  may  be  pulled  on  board  and  connected  to  the 
electrical  testing  room,  whilst  the  other  end  is  being  slacked 
or  eased  out,  and  vice  versd,  to  lesson  the  stresses  on  either 
the  port  or  the  starboard  cable. 

The  power  for  turning  the  drums  is  obtained  from  two 
independent  diagonal  steam  engines,  with  their  cylinders  as 
shown  at  0,  C.  The  piston-rods  act  in  the  usual  way  through 
their  connecting-rods  and  crank-shafts,  CS,  pinions,  P,  spur- 
wheels,  S,  and  clutches,  12,  attached  to  the  second  shafts, 
SS,  pinions,  Pg,  and  large  spur-wheels,  W,  with  drums,  D 
Bearings  7  and  11  carry  the  outer  ends  of  the  crank  shafts,  OS, 
and  the  second  shaft,  SS ;  whilst  the  inner  ends  of  the  crank- 
shafts are  supported  by  bearings,  8,  and  pillars,  10,  secured 
to  the  main  deck.  The  inner  ends  of  the  shafts,  SS,  are  sup- 
ported by  the  bearings,  13,  and  bracket,  9.  The  lower  part 
of  this  bracket  engages  with  the  tubular  shafts,  T,  T,  and  its 
arms  with  the  crank-shafts,  CS,  by  the  bearings,  8,  8,  already 
mentioned.  The  whole  of  the  bracket,  9,  is  supported  by  rigid 
connections  to  the  decks  (not  shown).  On  the  end  elevation 
may  be  seen  the  lever,  16,  for  working  one  of  the  clutches,  12 ; 
whilst  the  centre  line  of  the  three  or  four  turns  of  cable  or  rope 
on  the  drum,  D,  is  indicated  by  line  17.  The  brake  tightening 
or  slackening  (right-  and  left-handed)  screw-shaft  is  marked  18. 
All  starting,  stopping,  reversing,  clutch,  brake  lever  handles 
and  wheels  are  led  to  one  handy  platform  on  the  upper  deck, 
where  the  engine  cableman  can  easily  manipulate  them  with  a 
minimum  of  trouble,  whilst  keeping  his  eye  upon  the  cable 
•  engineer  as  he  stands  on  the  bow-baulks  and  directs  the  various 
ticklish  operations,  of  steaming  slowly  ahead  or  astern,  picking- 
up  or  paying-out,  easing  or  holding  fast,  &c.,  as  the  case  may  be. 

By  merely  disengaging  clutches,  12,  any  required  length  of 
cable  may  be  paid  out  over  the  bows,  with  any  desired  stress, 
for  any  depth  of  water,  by  means  of  either  the  port  or  starboard 
drum,  D,  and  its  own  brake  without  working  its  particular 
engine ;  whilst  the  other  ,drum  and  engine  may  be  kept  in 
readiness  for  picking  up  the  buoyed  end  to  which  the  freshly 
laid  cable  is  to  be  joined,  when  the  ship  comes  up  to  the  mark 
buoy. 

The  whole  of  the  operations  of  making,  laying,  testing,  fault- 
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finding  and  repairing  submarine  cables,  forijgs  one  of  the  most 
interesting  and  scientific  industries,  in  which  Great  Britain 
has  hitherto  taken  the  leading  part.* 

Changing  Speeds  by  Friction  Wheels.  —  A  combination  of 
friction--wheels  in  which  the  velocity  ratio  is  changed  by 
degrees  during  the  motion,  is  shown  by  the  accompanying 
figure.     It  consists  of  a  circular  disc,  A,  revolving  round  an 


Variable  Speeds  of  Rotation  by  Fbiction  Wheels. 

axis  perpendicular  to  its  plane,  and  giving  motion  to  a  rolling 
wheel,  B,  fixed  upon  an  axis  which  intersects  the  axis  of  the 
disc.  A,  at  right  angles.  The  angular  velocity  of  the  wheel,  B, 
will  continually  decrease  as  it  is  shifted  towards  the  centre  of 
the  disc,  A.  It  will  be  apparent,  without  any  proof,  that  the 
wheel,  B,  will  change  the  direction  of  its  rotation  as  soon  as  it 
has  passed  over  the  centre  of  the  circular  disc,  A.  When  the 
circumference  of  B  is  at  the  centre  of  the  driving  plate  or  disc, 
A,  we  have  the  wheel,  B,  at  a  standstill.  Friction  gear  is  in- 
ef&cient,  and  cannot  be  applied  for  large  powers. 

Changing  Speeds  by  Toothed  Wheels. — The  ordinary  method 
of  producing  definite  changes  of  the  angular  velocity  ratio  of  two 
rotating  shafts  is  by  means  of  change-wheels.  There  may  be 
several  pairs  or  trains  of  wheels,  suited  to  a  certain  series  of 
velocity  ratios ;  and  one  or  other  of  those  pairs  or  trains  of 
wheels  is  put  into  gear  according  to  the  comparative  speed  that 
is  required  at  the  time.  The  three  classes  of  Spur  Gear,  viz. : — 
{a)  spur  gear  with  raetal  wheels,  (6)  spur  gear  with  metal  and 
raw  hide,  (c)  spur  gear  with  mortice-wheels — are  all  good.  The 
speed,  power  and  permissible  noise  usually  determine  which  class 
should  be  adopted.  A  limit  of  about  1,000  feet  per  minute  is 
allowable  for  metal  spur  gears,  beyond  which  the  noise  becomes 
unpleasant  in  ordinary  machine  shops.  At  this  speed,  cut  gears 
with  well-formed  teeth  are  necessary.  Raw-hide  and  metal 
gears  can  easily  be  used  up  to  2,000  feet  per  minute. 

*  For  a  complete  list  of  the  present  "Cable  Laying  and  Repairing  Fleet 
of  the  World,"  see  the  Sixteenth  or  later  Editions  of  Munro  &  Jamieaon's 
Pocket-Booh  of  Electrical  Sides  and  Tables,  as  well  as  detailed  Specification 
of  a  Submarine  Cable,  and  the  various  methods  of  testing  and  locating 
faults  in  cables. 
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Changing  Speeds  by  Bands  and  Pulleys. — Belting  is  of  course 
applicable  to  nearly  all  cases,  the  slipping  being  a  positive  ad- 
vantage where  heavy  shocks  and  reversals  of  machines  take 
place.  The  most  convenient  method  of  changing  the  velocity 
ratio  of  rotation  of  a  pair  of  shafts,  where  absolute  precision  in 
the  ratio  is  not  required,  is  by  means  of  "  speed-cones."  "Where 
a  perfectly  smooth  gradation  is  necessary,  this  can  be  obtained 
by  using  conoidal  pulleys  or  reversed  cones  along  with  guiding 
pulleys  to  keep  the  belt  in  the  desired  position  (as  shown  in 
Lecture  XV.  unaer  "Xiink  Chain  Belting ").  There  are  two 
forms  of  conoidal  pulleys,  one  where  the  oblique  edges  of  a 
section  are  parallel  straight  lines,  and  the  other  where  the 
convexity  of  one  section  exactly  fits  into  the  concavity  of  the 
other.  The  rotation  of  the  upper  cone  being  uniform,  it  is 
evident  that  the  rotation  of  the  lower  cone  will  decrease  as  the 
strap  is  shifted  towards  the  right  hand  in  this  instance. 

Changing  Speeds  with  Electro-Motor  Connections. — It  is  be- 
coming a  very  common  practice  in  workshops,  to  drive  the 
machine  tools  in  the  various  shops  by  means  of  motors.  But 
certain  classes  of  machines  require  variable  speeds  of  rotation 
for  the  wide  range  of  work  to  be  performed  by  them.  For 
example,  in  the  case  of  cranes,  portable  drills,  grinders,  drilling 
machines  and  lathes,  a  variable  speed  motor  which  will  increase 
its  torque  as  the  speed  decreases,  and  vice  versd,  may  be  con- 
nected to  these  machines.  Variable  speed  motors  should  be 
shunt  wound  and  the  speed  varied  as  far  as  possible  by  a 
rheostat  in  the  shunt  circuit.  With  all  the  resistance  in,  full 
speed  will  be  got,  and  with  all  out  the  lowest  speed.  This  is  as 
it  should  be,  for  at  low  speeds  most  torque  is  wanted,  and  at 
high  speeds  less  torque  is  required  to  get  the  same  power.* 
Variable  speed  is  not  obtainable  by  alternating  single  phase  or 
polyphase  motors,  hence  most  of  tbe  applications  are  made  by 
continuous  current  motors  and  controllers.  The  application  of 
electro-motors  to  all  purposes,  where  belts  and  shafting  are  now 
used,  is  going  on  rapidly,  and  is  at  the  present  time  a  prominent 
section  of  electrical  engineering. 

Hitherto,  it  has  been  customary  and  necessary  for  the  most 
part,  to  bring  the  "job"  which  had  to  be  machined  to  the  tool. 
Now,  however,  by  the  aid  of  the  flexibility  of  electrical  trans- 
mission of  power,  in  the  case  of  large  heavy  "jobs,"  portable 

*  For  a  complete  consideration  of  this  method  of  changing  the  speed 
with  an  electric  motor,  students  are  referred  to  the  TraTiaactions  of  the 
Institution  of  Mngineera  and  Shipbuilders  in  Scotland,  vol.  xlvi.,  Session 
1902-1903,  for  a  Paper  by  Mr.  W.  B.  Sayera  on  "  Speed  Control  of  Electric 
Motors  when  driven  from  Conataut-Fresaure  Mains," 
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electric  motors  driving  suitable  cutting  tools,  can  be  taken  to 
and  applied  to  the  "job"  in  a  most  satisfactory  manner. 

Mechanical  Speed  Gear  combined  with  Variable  Speed 
Electric  Motors. — In  order  to  avoid  the  necessity  for  a  large 
motor,  the  speed  variations  might  be  obtained  by  means  of  step- 
cone  pulleys,  or  spur-wheel  speed-gear,  combined  with  the  means 
of  a  variable  speed  constant  pressure  motor.  To  illustrate  this 
method  of  obtaining  the  required  range  of  speed  variations, 
three  views  are  given  of  an  electrically-driven  lathe  as  made  by 
Jas.  Archdale  &  Co.,  Ltd.,  of  Birmingham. 

Electrically-Driven  Lathe. — The  first  figure  gives  a  general 
idea  of  the  lathe,  motor,  and  starting  switch.     The  second  figure 


General  View  of  ELECTEiOAiLT-DBrrBN  Lathb. 

is  arranged  to  show  the  method  adopted  for  obtaining  the 
changes  in  speed.  The  lathe  is  driven  by  a  2-H.P.  motor 
attached  to  a  specially  designed  headstock.  A  bracket,  B,  is 
cast  on  one  end  of  the  fast  headstock,  F  S,  upon  which  the 
electro-motor,  E  M,  is  supported.  A  raw-hide  pinion,  D„  is 
fixed  to  the  motor  spindle,  and  gears  with  the  follower  wheel, 
Fj,  which  is  keyed  to  the  driving  shaft,  D  S.  On  the  driving 
shaft  is  mounted  a  sliding  sleeve,  Sj,  with  three  pinions  or 
drivers,  Dj,  Dg,  and  D^  of  varying  diameters.  These  pinions 
gear  respectively  with  spur-wheels  or  followers,  Fj,  F,,  and  F^ 
on  the  lathe  spiudle.  The  sliding  sleeve,  Sj,  is  so  moved  by  the 
hand  lever,  L^  that  three  changes  of  speed  can  be  obtained. 
Another  lever,  Lg,  actuates  a  clutch,  0,  by  which  the  back  gear 
may  be  engaged  or  disengaged.  By  placing  this  lever,  L2,  in  its 
mid-position  the  lathe  spindle  is  brought  to  rest.  In  this 
manner,  six  changes  of  speed  can  be  got  by  the  movement  of 
these  two  levers,  Lj  and  L2.  In  addition  to  which,  the  starting 
switch  is  arranged  to  admit  of  the  speed  of  the  electro-motor, 
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E  M,  being  varied  between  350  and  1,200  revolutions  per  minutp. 
The  regulating  resistance  or  starting  switch  may  be  placed  in 
any  convenient  position,  whilst  the  motor,  E  M,  is  completely 
enclosed,  thus  protecting  the  armature,  brushes,  and  winding 
from  the  entrance  of  chips,  cuttings,  filings,  or  dust.  A  gear- 
driven  leading  screw,  L  S,  is  fitted  for  self-acting,  sliding,  and 
Bur^icing.  The  speeds  of  L  S  can  be  changed  by  the  move- 
ment of  the  lower  front  lever,  Lg.  The  direction  of  rotation  of 
the  guide  screw,  L  S,  can  be  reversed  by  moving  the  handle,  L^, 
which  is  situated  at  the  end  of  the  fast  headstock,  F  S.  The 
lever,  Lg,  is  used  for  putting  the  back  gear  shaft,  B  S,  in  or  out  of 
gear.*  The  advantages  due  to  the  control  of  the  speed  of 
individual  machines  has  not  yet  been  fully  appreciated,  for  not 
only  can  better  work  be  done,  but  there  is  also  an  increase  in 
the  quantity  turned  out  by  a  lathe  fitted  with  a  separate  motor 
and  a  shunt  regulating  resistance. 

Electric  Overhead  Travelling  Crane. — The  accompanying  side 
elevation  and  plan  is  an  illustration  of  one  of  the  most  recent 
adaptations  of  electric  transmission  to  engineering  workshop 
cranes.  The  two  main  girders,  M  G,  are  of  box  section,  and 
cover  a  span  of  38  feet  3  inches.  Their  top  flanges  are  stiffened 
in  a  horizontal  plane,  by  angle  bracing  to  a  steel  channel 
running  parallel  to  the  girders,  which  gives  the  requisite 
stiffness  for  resisting  the  lateral  stresses,  produced  by  the  high 
acceleration  of  starting  and  stopping  the  travelling  motion  of 
the  crane.  The  bracing  also  serves  to  support  a  wide  platform 
on  each  side  for  access  to  the  crab,  motors,  and  gearing. 

Crcme  Grab  and  its  Motors.^ — The  crab,  C,  is  built  entirely  of 
mild  steel,  and  it  is  braced  vertically  as  well  as  horizontally. 
Three  series  wound  motors  are  mounted  upon  this  crab. — 
(1)  The  motor,  H  M,  for  the  main  hoist,  which  is  rated  for  20 
H.P.  at  480  revs,  per  minute. — (2)  The  motor,  A  M,  for  the 
auxiliary  5-tons  hoist  is  of  8  H.P.  at  530  revs,  per  minute. — 
(3)  The  motor,  T  M,  for  traversing  the  crab  of  8  H.P.  at  530  revs, 
per  minute.  Current  is  conveyed  to  these  motors  and  to  the 
two  brake-magnets,  B  M,  by  means  of  twelve  bare  trolley  wires 
situated  between  the  two  main  girders. 

Main  Hoisting  Motor  and  its  Gearing.^ — ^The  main  hoisting 

*  Further  information  regarding  the  constraction  and  action  of  a  screw- 
cutting  lathe  will  be  found  in  the  author's  ElemetOary  Manual  on  Applied 
Mechanics. 

t  All  the  motors  are  series  wound  ;  hence,  increased  speeds  are  obtainable 
when  handling  light  loads,  without  any  changes  in  the  gear.  The  motors 
and  controllers  were  made  by  the  British  Schuckert  Electric  Company, 
Limited.     The  pressure  of  the  supply  current  is  only  110  volts. 
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30- Tons  Foue-Motoe  Eleoteio  Ovbbhbad  Cband. 
(Designed  and  made  by  George  Russell  &  Co.,  Ltd.,  Motherwell.) 
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motor,  H  M,  is  geared  to  the  hoisting  barrel,  H  B,  through  four 
reductions  of  spur  gearing.  These  gears,  as  well  as  all  the 
other  wheels,  are  machine  cut  from  solid  blanks,  with  the 
exception  of  the  last  large  one  on  the  hoisting  barrel  shaft, 
which  is  of  cast  steel.  The  numbers  of  the  teeth  on  the 
respective  driving  pinions  and  the  follower  wheels,  as  wel'.  as 
the  value  of  the  train,  e,  are  as  follows,  starting  from  the  first  or 
the  motor  pinion  : — 


Drivers 


15      14      U      10        1 


Revs,  of  last  wheel 


Followers      64  '^  57      45      41      229      Revs,  oi  first  pinion 

The  barrel  is  2  feet  in  diameter  (dj),  and  since  the  load  is 
lifted  by  four  parts  of  a  steel  rope,  which  forms  a  double  pur- 
chase in  dv/plicate,  the  speed  of  hoisting  with  full  load  is  as 
follows : — 


Revs,  per 
min.  of 
motor 

480 


Value  of 
train 

1 

229 


Or,  Speed  of  main  lifting 


j    ©ce  of 
J  drum,   rfj 


480       3-1416  X  2 
229  "  2 


I  Velocity  ratio 
}         of  the 
(  rope  purchase. 


6-6  feet  per  min. 


Auxiliary  Hoisting  Motor  and  its  Gearing. — The  motor,  AM, 
for  the  auxiliary  hoist,  drives  through  three  reductions  of  spur 
gearing,  having  the  following  velocity  ratio  : — 


Teeth  on  drivers 
Teeth  on  followers 


25      21     14 
^135 ''64  "45' 


1       Revs,  of  last  wheel 
53     Revs,  of  first  pinion 


The  diameter  (dg)  of  the  auxiliary  barrel  is  1  footj  hence, 
with  the  double  purchase  the  hoisting  speed  with  full  load  is 
the  following : — 

Revs,  per  1^      j  Value  of  I        (    ©ce  of    )        j  Velocity  ratio 
mm.  ofVx-;       ..        f'*\i  if  f       i 

motor     )        (  )        (  '      ^ )        ( rope  purchase. 


530 


_1_ 
53 


Or,  Speed  of  auxiliary  lifting  =  -^^  x 


IT  do 


530     3-1416  X  1 


2 


=  15-7  ft.  per  min. 
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Traverse  Motor  and  its  Gearing. — The  crab  rail  wheels  are 
2  feet  in  diameter  (d^),  and  are  driven  tlirough  three  reductions 
of  machine-cut  spur  gear,  which  gives  a  traversing  speed  when 
the  traverse  motor,  T  M,  is  fully  loaded,  of: — 

Eevs.  per  min.  of  motor  x  Value  of  train  x  0ceof  rail  wheels,  dj. 

„n  25       21      15  , 

Or.Speedofi      530      25     21     15     3-1416  x  2    „„.. 
traversing  /  =  "  ^  I35  '^  64 ""  42  '^ 1 =  ^^  ^-  P^"" '"'°' 

Longitudinal  Travel  Motor  and  its  Gearing. — The  motor,  L  M, 
for  the  longitudinal  travelling  motion  is  rated  for  20  H.P.  at 
480  revs,  per  minute.  It  is  mounted  at  the  centre  of  one  of  the 
girders,  and  is  geared  to  the  long  shaft  stretching  across  the 
crane,  by  means  of  which  the  rail  wheels  at  both  ends  of  the 
girders  are  driven. 

The  rail  wheels,  d^,  are  2  feet  9  inches  in  diameter.  Conse- 
quently, the  longitudinal  travelling  speed  when  the  motor  is 
fully  loaded  is  : — 

Eevs.  per  min.  of  motor  x  Value  of  train  x  Oceof  rail  wheels,  cZ^. 

480  X       ^  X  ^       X         3-1416  X  2-75 

d4       do 

Or,      Speed  of  longitudinal  travel  =  258  feet  per  min. 

Controllers. — The  four  controllers,  C  H,  C  A,  0  T,  and  C  L, 
for  the  afore-mentioned  main  and  auxiliary  hoisting,  traverse, 
and  longitudinal  motors  respectively,  are  situated  at  the  back  of 
the  craneman's  cage,  and  are  operated  by  the  four  vertical 
levers,  L,  which  are  conveniently  placed  near  the  front  of  the 
cage.  The  craneman  has,  therefore,  an  unobstructed  view,  and 
has  no  clutch  gears  or  foot  levers  to  attend  to. 

Lowering  Loads. — This  is  governed  entirely  by  means  of  the 
controllers,  0  H  and  C  A,  which,  in  lowering,  short-circuit 
their  motors  through  their  regulating  resistances.  The  motors, 
H  M  and  A  M,  being  rotated  by  the  falling  load,  generate 
electric  currents,  which  develop  heat  in  the  regulating  resist- 
ances, and  thus  retard  the  falling  load.  The  speed  of  lowering 
is  easily  controlled  by  varying  the  amount  of  resistance  in 
circuit  with  the  motors. 

When  the  current  is  switched  off,  the  load  is  held  by  a  strap 
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brake,  BS,  applied  by  means  of  a  weight,  W.  This  brake  is 
released  by  an  electro-magnet,  B  M,  whenever  the  motor  is 
switched  into  circuit  for  hoisting  or  for  lowering.  In  the  event 
of  a  failure  of  the  current  through  any  cause,  the  electro-magnet, 
B  M,  allows  the  weight,  W,  to  fall,  so  that  the  brake  strap, 
B  S,  is  instantly  applied. 

The  travelling  controllers,  0  T  and  0  L,  are  also  provided 
with  rheostatic  brakes,  so  that  the  crane  can  be  quickly  brought 
to  a  standstill  in  any  desired  position. 

The  crane  hooks,  C  H,  are  of  forged  steel,  and  are  carried 
upon  ball  bearings  to  facilitate  turning  the  load. 
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Lectubb  IX.— Questions. 

1.  Define  the  following  terms  as  applied  to  gearing : — Pitch  surface. 
pitch  circle,  and  pitch  point.  Illustrate  your  answers  by  reference  (1)  to  a 
spur  wheel,  (2)  to  a  bevel  wheel,  and  (3)  to  a  rack. 

2.  Define  angular  velocity.  Given  the  angular  velocity  of  a  body  about 
a  given  axis,  show  how  you  would  find  the  linear  velocity  of  any  point  in 
the  body. 

3.  Define  the  pitch  circle  of  a  toothed  wheel.  Prove  that  when  two 
wheels,  whose  axes  are  parallel,  gear  together,  their  angular  velocities  are 
inversely  as  the  diameters  of  their  pitch  circles.  Two  parallel  shafts  are 
at  a  distance  of  4^  feet,  and  they  are  to  rotate  with  velocities  as  the  num- 
bers 7  and  11  respectively.  Determine  the  diameters  of  the  pitch  circles  of 
a  pair  of  wheels  which  would  give  the  required  motion.   Ans.B^ft.  andS^ft. 

4.  Define  the  term  train  of  wheels,  and  explain  how  to  find  the  value  of 
a  given  train.  Arrange  trains  of  wheels  for  the  following  values  of  e,  no 
pinion  to  have  less  than  12  teeth,  and  no  wheel  to  have  more  than  120: — 
2,000     1,200    880     35^      490       240 

240  '    490  '    85  '  880'  1,200'  2,000' 

5.  What  are  mitre  and  idle  wheels,  and  for  what  purposes  are  they  used? 
Give  instances  of  the  use  of  both. 

6.  Explain,  by  aid  of  a  sketch,  the  use  of  a  Marlborough  wheel.  A  shaft 
is  divided  into  two  parts,  the  parts  being  still  in  line.  Sketch  an  arrange- 
ment of  wheels  whereby  one  part  of  the  shaft  may  drive  the  other  at  twice 
the  speed  of  the  first. 

7.  Describe  the  operation  of  cutting  a  screw  in  a  lathe,  showing  the 
wheels  required,  and  how  they  are  placed  to  out  a  right-handed  screw  with 
8  threads  to  the  inch  in  a  lathe  whose  leading  screw  is  of  i  inch  pitch. 

8.  Explain  the  use  of  change  wheels  in  a  screw-cutting  lathe.  It  is 
desired  to  cut  a  screw  of  |  inch  pitch  in  a  lathe  with  a  leading  screw  of 
4  threads  to  the  inch,  using  4  wheels.  If  both  screws  be  right-handed, 
what  wheels  would  you  employ  ? 

9.  The  leading  screw  in  a  self-acting  lathe  has  a  pitch  of  i  inch,  show  an 
arrangement  of  change  wheels  for  cutting  a  screw  of  f  inch  pitch. 

10.  You  are  required  to  cut  a  left-handed  screw  of  5  threads  to  the  inch 
in  a  lathe  fitted  with  a  right-handed  guide-screw  of  i  inch  pitch.  Show 
clearly  by  the  aid  of  sketches  the  change-wheels  which  you  would  employ 
for  the  purpose,  indicating  how  they  would  be  respectively  carried,  and  the 
number  of  teeth  in  each  wheel. 

11.  The  leading  screw  of  a  lathe  is  i  inch  pitch  and  right-handed.  The 
set  of  change  wheels  belonging  to  the  lathe  consists  of  the  following : — 
20,  25,  30,  .35,  40,  45,  50,  60,  70,  80,  90,  100,  110,  and  120  teeth.  From 
these  devise  suitable  trains  to  cut  the  following  screws  and  draw  up  a  table 
of  your  results :— 4,  44,  5,  5h,  6,  OJ,  7,  8,  9,  10,  12,  14,  and  16  threads 
per  inch. 

12.  A  wheel  of  40  teeth  is  driven  by  a  winch  handle  14  inches  long,  and 
gears  with  a  rack  having  teeth  of  1  inch  pitch  ;  apply  the  principle  of  work 
to  find  the  driving  pressure  exerted  on  the  rack  when  a  force  of  50  lbs.  is 
applied  at  the  end  of  the  winch  handle.     Ans.  110  lbs. 

13.  Sketch,  in  side  elevation,  the  wheelwork  of  an  ordinary  5-ton  lifting 
crane.  In  doing  so,  it  will  be  sufficient  to  represent  the  wheels  by  their 
pitch  circles.     If  the  weight  raised  moves  through  1  inch  when  the  driving 
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handle  moves  through  40  inches,  find  the  weight  which  could  be  raised  by 
60  lbs.  applied  at  the  end  of  the  lever  handle.     Ans.  2,400  lbs. 

14.  In  a  model  of  a  lifting  crab,  the  circumference  of  the  circle  described 
by  the  end  of  the  winch  handle  is  43  inches,  and  the  circumference  of  the 
drum  which  raises  the  weight  is  14'9  inches.  The  wheelwork  gives  an 
advantage  of  8  to  1,  and  it  is  found  by  trial  that  a  force  of  3'1  lbs.  on  the 
winch  handle  just  suffices  to  raise  a  weight  of  56  lbs.  hanging  on  a  cord 
wound  upon  the  drum.  What  proportion  of  the  power  exerted  is  lost  in 
this  model  ?    Ans.  21  '76  per  cent. 

15.  Sketch  two  views  of  a  treble-purchase  lifting  crab.  In  doing  so  it 
will  be  sufficient  to  represent  the  wheels  in  side  elevation  by  their  pitch 
circles.  Apply  the  Principle  of  Work,  or  the  Principle  of  Moments  to 
determine  the  force-ratio,  P  :  W,  and  the  pressure  between  the  teeth  of 
each  pair  of  wheels  in  gear.  Ex.  In  a  treble-purchase  lifting  crab  the 
handles  are  16  inches  long;  diameter  of  drum  16  inches,  thickness  of  rope 
2i  inches.  The  wheelwork  consists  of  the  following : — Pinions  6,  6,  and  8 
inches  diameter;  wheels  24,  30,  and  36  inches  diameter.  Supposing  two 
men  to  work  at  each  handle,  each  man  exerting  a  force  of  30  lbs.,  find  the 
weight  which  could  be  raised,  and  the  pressure  between  the  teeth  of 
each  pair  of  wheels  in  gear.  Allowing  30  per  cent,  for  friction,  find  the 
actual  weight  which  could  be  raised  by  the  four  men.  Ans.  (1)  8'34  tons 
nearly,  640  lbs.,  2,560  lbs.,  9,600  lbs.;  (2)  5-84  tons  nearly. 

16.  A  water-wheel  making  two  and  a-half  revolutions  per  minute  is  pro- 
vided with  an  internal  toothed  wheel  of  20  feet  diameter  at  the  pitch  circle. 
This  wheel  gears  with  a  train  of  wheels,  thus  : — Pinions  of  6,  4,  and  2  feet 
in  diameter,  and  wheels  of  10  and  9  feet  in  diameter  respectively.  On 
the  last  shaft  a  pulley  10  feet  in  diameter  is  keyed,  on  the  rim  of  which 
there  are  four  ropes.  The  horse-power  transmitted  by  the  ropes  is  20. 
\'ou  are  required  to  find  the  pull  on  each  rope,  the  pressure  between  the 
teeth  of  each  pair  of  wheels  gearing  together,  and  the  revolutions  per 
minute  made  by  the  pulley.  Ans.  56  lbs.,  4,200  lbs.,  2,520  lbs.,  1,120  lbs., 
93'75  revolutiona. 

17.  Describe,  with  the  aid  of  sketches,  the  construction  and  use  of  the 
quadrant  for  carrying  the  change  wheels  of  the  screw  cutting  lathe,*  and 
explain  the  manner  in  which  change  wheels  are  employed  in  cutting  screw 
threads  of  different  pitches  in  the  same  lathe.  What  are  the  sources  of 
inaccuracy  in  the  screw  threads  so  produced  ?  \\  hat  number  of  wheels 
would  you  employ,  how  would  they  be  arranged,  and  how  many  teeth 
would  each  wheel  have  in  order  to  cut  upon  a  bolt  a  left-handed  screw 
thread  of  f  inch  pitch,  on  a  lathe  whose  leading  screw  is  right-handed  and 
has  two  threads  to  the  inch  ?  In  which  direction  would  the  saddle  of  the 
lathe  travel  when  cutting  a  left-hand  screw  thread  in  the  lathe  above 
named?    (S.  &  A.  Adv.  Exam.,  1896.) 

18.  Make  a  sketch  showing  two  pieces  which  move  about  fixed' parallel 
axes  in  rubbing  contact.  Given  the  angular  velocity  of  one  of  them,  find 
that  of  the  other,  also  the  normal  velocity  and  the  velocity  of  sliding  at  the 
point  of  contact.     (S.  &  A.  Hons.  Exam.,  1897.) 

*  19.  Sketch  and  describe  the  mechanism  by  which  the  slide  or  saddle  of 
a  screw-cutting  lathe  can  be  put  into  gear  with  the  leading  screw,  so  as  to 
traverse  the  slide  automatically  along  the  bed  of  the  lathe,  or  be  thrown 
out  of  gear  so  as  to  allow  of  the  slide  being  traversed  by  hand.  Describe 
how  a  screw-thread  can  be  out  in  a  lathe,  and  determine  the  number  of 

*  See  Lecture  XVI.  Prof.  3 amiesaa' a  Elementary  Manual  mx  ApplUi  Mechanics  {or  full 
description  and  figures  of  a  screw  cutting  lathe. 
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teeth  on  the  change  wheels,  and  sketch  their  arrangement  Wiien  cutting  a 
screw-bolt  with  10  threads  to  the  inch  on  a  lathe  in  whiph  the  leading 
screw  is  of  J-inoh  pitch.     (S.  and  A.  Adv.,  1899.) 

20.  A  hand  crane  has  the  following  gear  wheels : — On  the  drum  axis  a 
wheel  of  56  teeth,  on  the  intermediate  axis  a  pinion  of  18  teeth  and  a  wheel 
of  64  teeth,  on  the  handle-bar  axis  a  pinion  of  16  teeth :  calculate — (o)  The 
velocity  ratio  of  this  train  of  wheels.  (6)  The  force  at  the  handles  to  lift 
30  cwts.,  given  that  the  radius  of  the  handle  bars  is  16  inches,  and  the 
efifeotive  diameter  of  the  chain  drum  9  inches,  and  that  32  per  cent,  of  the 
power  applied  is  wasted  in  friction.     (C.  &  G.,  190O,  0.,  Sec.  A.) 

21.  Two  shafts  are  to  be  as  nearly  as  possible  3  feet  apart,  and  you  wish 
to  drive  the  one  by  the  other  through  a  pair  of  spur-wheels,  the  driven 
shaft  to  have  twice  the  speed  of  the  driver.  The  pitch  of  the  teeth  of  the 
two  wheels  is  to  be  2  inches.  What  numbers  of  teeth  would  you  employ 
in  the  two  wheels,  what  would  be  the  diameter  of  the  pitch  circles,  and 
what  would  be  the  exact  distance  apart  of  the  two  shafts  ? 

(C.  &G.,  1901,  0.,  Sect.  A.) 

22.  In  a  crane  the  chain  barrel  is  driven  by  a  25-H.P.  motor,  on  the 
spindle  of  which  is  keyed  a  spur-wheel  of  14  teeth.  This  gears  with  a 
spur-wheel  of  68  teeth  keyed  to  the  same  spindle  as  a  spur-wheel  of  12 
teeth.  The  last  wheel  gears  with  a  spur-wheel  of  50  teeth  keyed  to  the 
same  spindle  as  a  wheel  of  25  teeth,  and  the  latter  gears  with  a  wheel  of 
54  teeth  keyed  to  the  chain  barrel  spindle.  The  chain  barrel  is  16J  inches 
in  diameter.  Find  the  revolutions  per  minute  of  the  motor  when  20  feet 
of  chain  per  minute  are  wound  on  the  chain  barrel.  If  the  load  lifted,  at 
this  speed,  be  10  tons,  and  the  motor  be  developing  its  full  power,  find  the 
efficiency.     (C.  &  G.,  1902,  0.,  Sec.  A.) 

23.  Design  an  overhead  travelling  crane  worked  by  electric  motors,  the 
supply  being  continuous  current  at  200  volts.  Clear  span,  30  feet ;  maxi- 
mum load,  5  tons.  State  the  lifting  speed  and  the  travelling  speeds  you 
fix  upon.  You  are  not  expected  to  design  the  motors,  but  you  must 
specify  the  power  each  is  to  be  if  you  use  more  than  one,  or  the  power  of  a 
single  one  if  you  prefer  to  do  everything  by  one  motor. 

(0.  &  G.,  Hons.,  Machine  Design,  1903.) 

24.  Eeferring  to  the  Cable  Gear  in  this  Lecture,  make  an  enlarged  scale 
drawing  and  describe  it,  as  well  as  the  operations  which  the  gear  performs. 
If  the  diameter  of  each  piston  be  12  inches  and  its  stroke  12  inches ;  if  the 
ratio  of  the  number  of  teeth  in  wheel,  S,  to  pinion,  P,  be  3  to  1 ;  and  that 
of  wheel,  W,  to  pinion,  Pj,  be  6  to  1,  whilst  the  radius  of  the  drum  is  3 
feet,  what  is  the  maximum  stress  on  the  grappling  rope  which  will  just 
balance  a  pressure  of  50  lbs.  per  square  inch  on  the  pistons  :  (a)  if  the  port 
or  starboard  gear  be  worked  singly ;  (6)  when  working  in  combination  as 
explained  in  the  text  ?  Allow  that  30  per  cent,  of  the  stress  on  the  rope  at 
sea  level  is  absorbed  by  friction  of  the  different  pulleys  and  gear  before  it 
acts  on  the  pistons  and  that  the  brakes  are  quite  free. 

25.  Referring  to  the  previous  question,  at  what  rate  could  you  pick  up 
the  grapnel  rope,  if  the  maximum  calculated  stresses  in  it  at  sea  level  were 
J  of  values  in  cases  (a)  and  (6)  ?  Allow  the  whole  gear  up  to  the  bows,  to 
have  25  per  cent,  of  the  calculated  maximum  efficiency  and  torque  of  the 
previous  case,  wherein  the  mechanical  advantage  of  the  total  pressure  on 
one  piston  was  taken  at  its  maximum  effort. 
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LECTtJEE  IX. — ^A.M.Ikst.C.E.  and  B.Sc.  Exam.  Questions. 

1.  Sketch  and  describe  a  usual  arrangement  of  change- wheels  for  a  lathe, 
Bhowing  wheels  arranged  for  cutting  a  left-handed  screw  of  three  threads 
to  the  inch  when  the  leading  screw  has  a  pitch  of  J  inch.    (I.C.E.,  Oct.,  1897.) 

2.  The  effective  diameter  of  a  worm  is  6  inches  ;  the  pitch  of  the  thread 
of  the  worm  is  2J  inches.  The  worm  is  secnred  on  the  shaft  of  an  engine 
of  60  brake  H.P.  The  worm  gears  with  a  spur  wheel  on  a  second  shaft 
whose  axis  is  at  right  angles  to  that  of  the  engine  shaft.  If  the  coefficient 
of  friction  is  0'16,  find  the  efficiency  of  the  mechanism  and  the  H.P.  trans- 
mitted by  the  second  shaft.     (I.O.E.,  Oa.,  1900. ) 

3.  Why  is  a  lathe  headstook  often  back-geared?  If  the  two  wheels 
have  63  and  63  teeth  respectively,  and  each  pinion  has  25  teeth,  find  the 
reduction  in  the  velocity  ratio  of  the  lathe  spindle  due  to  the  gear.  Sketch 
the  arrangement.     (I.C.E.,  Oct.,  1901.) 

4.  Explain  the  mode  in  which  change  wheels  are  employed  in  a  screw- 
cutting  lathe.  The  leading  screw  being  i  inch  pitch,  arrange,  in  a  sketch, 
the  change  wheels  as  required  for  cutting  a  screw  of  15  threads  to  the 
inch,  marking  the  numbers  on  each  wheeL     (LC.E.,  Feb.,  1903.) 

5.  A  turbine  making  1,080  revolutions  per  minute  is  required  to  be 
connected  to  a  shaft  by  means  of  two  pairs  of  spur-wheels  of  such 
diameters  that  the  shaft  may  be  driven  at  a  speed  of  90  revolutions  per 
minute.  The  pitch  of  the  teeth  of  the  first  pair  of  wheels  is  IJ  inches 
and  that  of  the  second  pair  2  inches.  Determine  the  number  of  teeth 
you  would  adopt  on  the  wheels  in  order  that  the  diameter  of  the  largest 
wheel  may  be  as  small  as  possible,  the  least  number  of  teeth  on  any  wheel 
being  16.     (I.  C.  E. ,  Oct. ,  1904. ) 

6.  Sketch  the  quadrant  plate  of  a  lathe  and  the  arrangement  of  wheels 
provided  for  putting  the  screw- cutting  train  in  or  out  of  gear  without 
moving  the  quadrant  plate,  and  for  altering  the  train  to  cut  a  right-  or  a 
left-hand  thread  without  putting  an  idle  wheel  into  the  train  on  the 
quadrant  plate.  Find  a  train  of  wheels  for  cutting  eighteen  threads  per 
inch,  right-hand,  the  pitch  of  the  leading  screw  of  the  lathe  being  J  inch 
right-hand.     (I.C.E.,  Oct.,  1906.) 

7.  Prove  the  conditions  that  must  be  satisfied  by  the  teeth  of  wheels  in 
gear  so  that  the  wheels  may  revolve  at  a  constant  velocity  ratio.  Show 
how  these  conditions  are  satisfied  by  the  usua  Imethods  of  designing  wheel 
teeth.     (B.Sc.,  Lond.,  JvXy,  1907.) 


205 
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CoNTKNTS. — ^Friction  Gearing — Power  Transmitted  by  Ordinary  Friction 
Gearing — Examples  I.  and  II. — Bobertson's  Friction  or  Wedge  Gear- 
ing— Power  Transmitted  by  Wedge  Gearing — Questions. 

Friction  Gearing. — Friction  gearing  is  that  form  of  gearing 
wherein  the  wheels  in  contact  are  driven,  the  one  by  the  other, 
by  reason  of  the  friction  between  their  pitch  surfaces.  The  wheels 
require  to  be  pressed  together  in  a  direction  normal  to  their  pitch 
surfaces  at  the  line  of  contact,  with  a  force  sufficient  to  give  a 
frictional  resistance  greater  than  the  tangential  resistance  to 
motion.  The  wheels  may  be  spur  or  bevel,  according  as  the  shafts 
are  parallel  or  intersecting. 

In  order  to  insure  sufficient  frictional  resistance  and  smooth 
■working,  it  is  usual  to  face  one  wheel  of  the  pair  with  some 
compressible  material,  such  as  wood,  leather,  india-rubber,  com- 
pressed paper,  &c.  When  slipping  takes  place  between  the  wheels, 
"flats"  are  soon  formed  on  the  face  of  the  foUoieer  (this  being  the 
wheel  which  lags  behind  the  other),  while  the  face  of  the  driver 
gets  equally  worn  all  round.  For  this  reason  the  driver,  and  not 
the  follower,  is  faced  with  the  softer  material. 

The  usual  forms  of  rims  suitable  for  spur  and  bevel  friction 
wheels  are  shown  by  the  accompanying  figures. 


Section  of  Spue  Friction  Wheel. 


Section  or  Betel  Friction  Wheel. 
The  rim  of  the  driver  is  faced  with  wood  or  leather,  the  diffisrent 
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layers  of  which  are  nailed  or  glued  together  and  then  held  in 
position  by  bolts  as  shown.  When  wood  is  used  the  grain  should 
lie  in  a  direction  tangential  to  the  working  surfaces,  the  wear  being 


Sectional  View  op  Rim  for 
Spur  Friction  Wheel. 


Sectional  View  op  Rim  fob  Bevel 
Friction  Wheel. 


then  more  uniform  all  over.  The  rim  of  the  follower  is  of  cast 
iron  turned  in  a  lathe. 

Friction  gearing  of  this  kind  is  more  employed  in  America  than 
in  this  country,  being  often  applied  for  driving  saw-mills,  &c. 

Power  Transmitted  by  Or^ary  Friction  Gearing. — We  shall 
now  proceed  to  calculate  the  necessary  pressure  to  be  applied  to 
the  wheels  in  order  to  transmit  a  given  power. 

(l)  By  Spur  Friction  Gearing. 

Let  P  =  Pressure  between  wheels  at  pitch  line  in  pounds. 

„    T  =  Tangential  resistance  at  pitch  line  in  pounds. 

„  V  =  Circumferential  velocity  of  wheels  ia/eetper  minute. 

„    /i  =  Coefficient  of  friction  for  surfaces  in  contact. 


Then,     Work  transmitted  =  T  V  ft. -lbs.  per  minute. 

TV 


H.P.  = 


33,000 


(I) 
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If  there  ia  to  be  no  slipping,  we  must  have  : — 

Or, 

H.P.  X  33,000 


But, 


T 


V 
H.P.  X  33,000 


(11) 


Equation  (II)  gives  the  least  pressure  between  the  wheels  in 

order  to  transmit  a  given  power. 

The  pressure,  P,  should  always 

^      ^,         H.P.  X  33,000 
be   greater  than  :^ 

f/i    V 

so  as  to  provide  against  contin- 
gencies, such  as  oil  or  water  get- 
ting on  to  the  surfaces  of  the 
wheels.  If  P  be  less  than  this, 
then  slipping  must  take  place.  / 

T 


^s—'i 


Spue  Friction  Gearing. 


Bevel  Friction  Wheels. 


(2)  By  Bevel  Friction  Gearing. 

Let  Pj,  Pj  =  Thrusts  along  shafts  1  and  2  respectively. 

„  d-^,  d^  —  Mean  diameters  of  wheels  1  and  2  respectively. 
„  K,  =  Normal  reaction  between  pitch  cones. 

„  T  =  Tangential  resistance  at  pitch  line. 

„  2  a  =  Angle  of  pitch  cone  1. 

Then,  90°  -  a  =  Half-angle  of  pitch  cone  2. 


208  LECTURE   X. 

Since  the  pressures  along  the  axes  of  the  shafts  are  Pj  and  Pj, 
it  follows  that  these  are  also  the  pressures  at  the  pitch  line,  and  act 
as  indicated  by  the  figure. 

The  normal  pressure  between  the  surfaces  is  : — 

Pj  =  R  cos  (90°  -  a)  =  E,  sin  a. 
Or,  Pg  =  II  cos  a. 

But,  tan  a  =  i^l  =  4. 


Sin  a.  = 


tan  a  d. 


And, 


Vl  +  tan2  a.  ~  J d;\  +  ^' 

1  _  d^ 

sj\  +  tan^a  ~  Jd^  +  d't 

T>  _  p  s/dj  +  dl 

1  — 'a , 

«i 

Or,  R  =  p^x/fl^  +  ^i 

But,  T  =  ^E. 

T 
Or,  R^-. 

.     ,      ,   ,       „      H.P.  X  33,000 

A  nd,  as  before,  T  = = — '- . 

V 

„ H.P.  X  33,000 

p,  ^,     _  H.P.  33,000  rf. 

Consequently,  P.p. —^^^.^7=^      .     .     _     (HI) 

And,  P,^5:£l!3^0  d. 

Equations  (III)  and  (IV)  determine  the  least  values  of  the 
axial  thrusts  in  order  to  insure  sufficient  frictional  resistance  for 
transmitting  a  given  power. 

The  following  values  of  /i  may  be  taken  *: 

Por  metal  on  metal,         .         .         .         /jt,  =  -15  to  -20 
For  wood  on  metal,  .         .         .         /*  =  -25  to  -30 

For  millboard  on  metal,  .         .         .         ^  =  -20. 

*  Unwin'B  Machine  Design,  part  I.,  p.  283  (1892). 
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Taking  the  greatest  and  least  of  the  above  values  for  (i,  we  see 
that  in  spur  friction  gearing,  the  smallest  value  of  P  must  lie 

T  T 

between  -^  and  _y=,  i.e.,  between  3J-  T  and  6|-  T. 

In  practice,  the  width  of  the  face  of  friction  wheels  is  about  the 
same  as  that  of  a  single  leather  belt  which  is  required  to  transmit 
the  same  power.  The  tangential  force  may  be  taken  at  from 
15  to  30  lbs.  per  inch  of  width  when  the  face  of  the  driver  is  lined 
with  wood.  In  the  case  of  a  wheel  with  millboard  face,  the 
tangential  force  transmitted  was  observed,  by  Prof.  Unwin,  to  be 
as  great  as  80  lbs.  per  inch  of  width.* 

It  will  be  apparent  that  friction  gearing  of  the  above  kind 
is  unsuited  for  transmitting  great  power.  The  constancy  of 
velocity -ratio  between  the  wheels  cannot  be  relied  upon.  Gearing 
of  this  kind  is  only  used  (1)  when  the  power  to  be  transmitted  is 
small ;  (2)  when  the  speed  is  so  high  that  toothed  gearing  would 
be  noisy ;  (3)  when  the  wheels  require  to  be  frequently  put  into 
or  out  of  gear,  t 

Example  I. — In  a  spur  friction  gearing  the  driving  wheel  is 
faced  with  wood,  and  gears  with  a  metal  wheel  3^  feet  in  diameter. 
The  latter  makes  200  revolutions  per  minute,  and  transmits 
10  H.P.  Find  the  tangential  resistance  at  the  circumferences  of 
the  wheels,  and  the  necessary  thrust  to  be  applied  to  the  bearings 
of  the  shafts,  taking  ij,  =  •25. 

Answer. — Using  the  same  notation  as  in  the  text,  we  have, 
H.P.  =  10;  'Y  =  'sdn  =  ~y.  Z\  x  200  =  2,200  ft.  per  minute. 

„       H.P.  X  33,000       10  X  33,000       „„  ,,_ 
T  =   ^ PO^  =  150  lbs. 

^^-'  P  =  i=-2F=6001bs. 

Example  II. — 5  H.P.  has  to  be  transmitted  through  a  pair  of 
bevel  friction  wheels.  The  diameters  of  the  wheels  are  2  feet  and 
1 J  feet  respectively.  The  circumferential  speed  of  the  wheels  is 
1,000  feet  per  minute.  Find  the  normal  and  tangential  pressures 
at  the  surface  of  contact  of  the  two  wheels,  and  the  axial  thrusts 
to  be  applied  to  each  shaft,  taking  ft.  =  '2. 

Answer.— Here  (1^=  2  ft.,  d^  =  1|  ft.,  V  =  1,000  ft.  permin. 

*  Unwin's  Machine  Design.  flbid. 
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Normal  pressure  =  R  = 


H.P.  X  33,000 


5  X  33,000 


=  825  lbs. 


"  "  ~     -2  X  1,000 

Tangenital  pressure  =  T  =  /i  R  =  -2  x  825  =  165  lbs. 


Also, 


Similarly, 


825  X  2 


P,  = 


s/2'  +  mr 

825  X  1^ 

V2^  +  mr 


660  lbs. 
495  lbs. 


Eobertson's  Friction  or  Wedge  Gearing. — One  objection  to  tha 
friction  gearing  just  described  is  the  great  pressure  which  ia 
brought  on  the  bearings,  due  to  the  force  with  which  the  wheels 


Eobertson's  Wedob  Geabino. 

require  to  be  pressed  together  in  order  to  secure  sufficient  friotional 
resistance  at  their  surfaces.  To  overcome  this  and  the  previous 
objections  to  the  ordinary  friction  gearing,  the  wheels  are  now 
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made  of  cast  iron  with  parallel  wedge-shaped  projections  round 
their  rims.  The  projectioDs  of  the  one  wheel  fit  into  the  wedge- 
shaped  grooves  on  the  otherj  and  by  this  means  the  friction  is 
greatly  increased. 

Sections  of  the  rims  of  such  wheels  are  shown  by  the  accom- 
panying figures,  and  need  no  further  explanation. 

There  is,  however,  one  serious  objection  to  such  wheels — ^viz., 
the  grinding  action,  and  consequent  excessive  wear,  while  working. 
This  is  due  to  the  sliding  contact  between  the  sides  of  the  pro- 
jections and  those  of  the  grooves.  On  this  account  the  wheels 
sometimes  work  with  great  noise.     This  difficulty  can  be  overcom  ^ 


^,,:^?777>ppz77777/77^7/^777?;7777777777/7y^ 


Wbdob  Geariko. 

to  a  certain  extent  by  making  the  depth  of  the  surfaces  in  contact 
as  small  as  possible. 

The  depth  of  the  acting  surface  (i.e.,  the  distance  which  the 
wheels  penetrate  each  other  when  in  gear)  is  given  by  the 
formula : — 

t  =  0-025  VT.* 

Where  t  is  the  depth  of  acting  surface,  and  T  the  tangential  resist- 
ance between  the  wheels. 

Power  Transmitted  by  Wedge  Gearing. — Consider  the  action 
of  one  of  the  wedge-shaped  projections  in  its  groove.  When  the 
wheels  rotate,  the  action  is  similar  to  that  of  a  wedge  thrust  into 
the  groove  by  a  horizontal  force. 

*  Un win's  Machxae  Design,  part  I. 
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Let  Pj  =  Horizontal  force  on  projection  considered. 
„   Rj  =  Total  normal  reaction  on  each  side  of  groove. 
„   Fj  =  Total  friction  between  projection  and  eachside  of  groove. 
„  2  a  —  Angle  of  wedge. 

Then,  Pj  =  2  Rj  sin  a  +  2  Fj  cos  a. 

But,  Fj  =  /A  Ry 

Pj  =  2  Ej  (sin  a  +  /t  cos  a). 

Then,  for  all  the  wedges,  if  P  denote  the  total  force  pushing  the 
wheels  together,  and  R  the  total  reaction,  P  =  2  Pi,  R  =  2  •  2  Rj, 
and  we  get : — 

P  =    R  (sin  a  +  fi  cos  a). 

.'.     as  before,    T  ^  /*  R. 

T 
Or,  R—  ^ 


But,  T   = 

R 


H.P.  X    33,000 
V 
H.P.  X  33,000 


H.P.  X  33,000     sin  a  +  ^  cos  g 
V  •  /. 


(V) 


Equation  (V)  determines  the  least  pressure  with  which  the 
wheels  must  be  forced  together  in  order  to  transmit  a  given  power, 

From  this  equation  it  is  seen  that  the  number  of  grooves  or 
projections  has  no  effect  on  the  power  transmitted.  The  number 
of  grooves  may  be  anything  we  please,  but  generally  there  are  no 
fewer  than  two  nor  more  than  ten.  The  pitch  of  the  grooves  may 
vary  from  ^  inch  to  If  inches. 

Usually  the  groove  angle  2  a  is  40°.  Hence,  taking  [/,  -  'IS, 
we  get : — 

sin  a  +  /(4  cos  a 

_  ^  sin  20°  +  -15  cos  20° 


:T 


■15 
•342  +  -15  X  -94 


•15 
3-22  T. 


> 


i.e.,  P  must  be  at  least  3i  times  T.     In  practice  we  may  take 
P  =  4T. 
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LicTtTRB  X. — Questions. 

1.  Define  friction  gearing.  State  the  advantages  and  disadvantages  of 
snch  a  gearing,  and  mention  under  what  circumstances  it  is  likely  to  be 
employed  in  preference  to  other  kinds  of  gearing. 

2.  Describe,  with  sketches,  the  construction  of  the  wheels  used  for  friction 
gearing.  State  your  reasons  why,  in  ordinary  friction  gearing,  one  of  the 
wheels  only  is  faced  with  a  softer  material  than  the  other,  and  say  which 
wheel  it  is. 

3.  In  a  spur  friction  gearing,  the  driving  wheel  is  faced  with  wood  and 
gears  with  a  metal  wheel  of  2^  feet  in  diameter.  The  circumferential  speed 
is  2,000  feet  per  minute.  The  force  pressing  the  wheels  together  is  550  lbs. 
Taking  /i  =  $,  find  the  maximum  H.F.  which  can  be  transmitted.  Sketch 
the  arrangement,  showing  a  method  of  engaging  and  disengaging  the  wheels. 
Arts.  11-i  H.P. 

4.  The  diameters  of  a  pair  of  bevel  friction  wheels  are  1^  feet  and  4  feet 
respectively.  The  larger  wheel  makes  200  revolutions  per  minute,  and 
transmits  10  H.P.  Find  the  normal  and  tangential  pressures  at  the  pitch 
surfaces,  and  the  axial  thrusts  on  each  shaft,  m-  =  '25.  Prove  the  formula 
which  you  employ.     Ans.  525  lbs. ;  131-25  lbs. ;  184  lbs. ;  491  lbs. 

5.  Describe,  with  sketches,  Robertson's  wedge  gearing,  and  deduce  a 
formula  for  the  pressure  between  the  wheels  for  a  given  H.P. 

6.  A  cone  clutch  has  an  angle  of  50°  and  a  mean  diameter  of  10  inches. 
Find  the  thrust  on  the  sliding  part  parallel  to  the  shaft  when  the  clutch 
transmits  2  horse-power  at  120  revolutions  per  minute,  if  the  coefficient  of 
friction  between  the  two  parts  of  the  clutch  is  0'35.    (B.  of  E.,  S.  3, 1906.) 
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LECTURE   XI. 

Contents. — Constancy  of  the  Velocity-Ratio  of  Toothed  Gearing— Propor- 
tions of  Teeth  of  Wheels — Clearance — Arc  of  Action — Eelation  between 
Length  of  Arc  of  Action  and  Pitch  of  Teeth — Clock  and  Watch  Wheels 
—  Primary  Conditions  for  Correct  Working  of  Toothed  Wheels  — 
Curves  which  satisfy  the  above  Conditions  —  Particular  Cases  — 
(I.)  When  the  Cycloid  is  a  Straight  Line — (IL)When  the  Epicycloid 
is  the  Involute  of  the  Base  Circle — (III.)  When  the  Hjrpocycloid  is  a 
Straight  Line— (IV.)  When  the  Hypocycloid  is  a  Point— Cycloidal 
Teeth — Gee's  Patent  Toothed  Gearing — Exact  Method  of  Drawing  the 
Curves  for  Cycloidal  Teeth — Practical  Method  of  Drawing  the  Curves 
for  Cycloidal  Teeth — Application  of  Preceding  Principles  to  the  Case 
of  a  Rack  and  its  Pinion — Particular  Forms  of  Teeth  as  Dependent 
upon  Changes  in  the  Sizes  of  the  Generating  Circles  Employed— 
Pirst  Particular  Case — When  the  Hypocycloid  is  a  Straight  Line — 
Rack  having  Teeth  with  Radial  Flanks— Practical  Method  of  Draw- 
ing the  Involute  Curves  for  the  Faces  of  the  Teeth  on  the  Pinion — 
Second  Particular  Case — ^When  the  Hypocycloid  is  a  Point— Pin 
Wheels — Pins  are  always  placed  on  the  Follower — Rack  and  Pinion — 
Disadvantage  of  Pin  Wheels — Questions. 

Constancy  of  the  Velocity-Ratio  of  Toothed  Gearing.* — In  nearly 
every  case  of  the  transmission  of  motion  by  friction  or  belt  gearing, 
slipping  takes  place  to  a  greater  or  less  extent,  and  hence  these 
methods  of  transmitting  motion  are  unsuited  where  an  exact  or 
constant  velocity-ratio  is  desired.  In  such  a  case  it  is  best  to 
employ  toothed  gearing.  But,  to  insure  a  constant  velocity-ratio 
and  smooth  working  with  toothed  gearing,  the  teeth  of  the  wheels 
must  be  carefully  constructed,  and  of  such  shapes  that,  when 
gearing  together,  certain  geometrical  conditions  are  fulfilled.  In 
this  Lecture  we  shall  endeavour  to  explain  the  principles  according 
to  which  all  properly  constructed  teeth  of  wheels  are  made  and  act. 

In  the  first  place,  we  shall  give  some  further  definitions  and 
general  explanations  relating  to  toothed  gearing. 

Definition. — The  pitch  of  the  teeth  is  the  distance  from  the 
centre  of  one  tooth  to  the  centre  of  the  next  tooth,  measured 
along  the  pitch  line. 

*  The  student  may  refer  to  the  following  books  on  gearing : — 
Pmetical  Treatise  on  Gearing,  by  Browne  &  Sharpe,  printed  by  J.  W. 

Pratt  &  Son,  New  York. 
Odontics,  by  Geo.  B.   Grant,  published  by  the  Lexington  Gear  Works, 

Lexington,  Mass. 
Handbook  on  the  Teeth  of  Gears,  by  Geo.  B.  Grant,  Boston,  Mass. 
Beoei-Oears,  by  John  W.  NewaU  &  Co. ,  Manchester. 
A  paper  on  "  Setting  out  the  Curves  of  Wheel  Teeth,"  by  W.  J.  Last,  in 

Proc.  Inst.  Civil  Engineers,  vol.  Ixxxix.,  p.  .335. 
Elements  of  Machine  Design,  by  Prof.  Unwin,  published  by  Longmans, 

Green  &  Co. 
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Let  d  =  Diameter  of  the  pitch  circle  in  inches. 
„    p  =  Pitch  of  teeth  in  inches. 
„    n  =  Number  of  teeth  on  wheel. 

Then,  np  =  "td 

Or,  p 


And, 


n      f (I) 

np_ 

nt 

The  pitch,  as  measured  in  this  way,  is  called  the  Circular  Fitch, 
and  is  the  one  chiefly  used  by  engineers.  But  another  and  more 
convenient  method  of  measuring  the  pitch  is  sometimes  adopted,  and 
is  called  the  Diametral  Pitch.  According  to  this  method  the  pitch  of 
the  teeth  is  stated  as  a  fraction  of  the  diameter  of  the  pitch  circle. 

Thus,  if  the  diameter  of  the  pitch  circle  be  40  inches,  and  the 
number  of  teeth  on  the  circumference  be  120,  then  : — 

40 
Diomietral  Pitch  =  ys?;  =  ^  inch. 

In  this  case,  the  size  of  the  wheel  would  be  spoken  of  as  one  of 
3  teeth  per  inch  of  pitch  circle  diameter. 

Let  p^  =  Diametral  pitch  of  teeth  in  inches. 
Then,  using  the  same  notation  as  in  the  case  of  circular  pitch: — 

P^^n      \ (II) 

Or,  d  =  npj 

The  student  will  notice  that  equations  (II)  are  much  simpler 
than  equations  (I),  from  the  fact,  that  it  is  easier  to  treat  of 
the  sub-division  of  a  straight  line  than  that  of  a  circle.  It  is 
for  this  reason,  that  several  engineers,  especially  American, 
advocate  the  adoption  of  this  method  as  being  more  convenient 
for  stating  the  sizes  of  wheels.  In  this  country  the  circumferential 
pitch  is  the  one  chiefly  used,  except  in  the  case  of  small  wheels 
(such  as  the  change  wheels  for  a  lathe)  whose  sizes  are  often  stated 
in  terms  of  their  number  of  teeth  per  inch  in  diameter. 

The  relation  between  the  circular  and  diametral  pitches  can  be 
stated  thus : — 

From  (I),  '^  =  17' 

„     (II),  d=np^ 

P 

n  =  -^- 

Or,  p^:  p  =  \  ■.-...     .  .     .     (Ill) 
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In  this  book  the  term  pUch  must  always  be  uuderstood  as 
meaning  the  circular  pitch,  unless  otherwise  expressly  stated. 

Definitions. — The  Face  of  a  tooth  is  that  part  of  its  acting 
surface  which  lies  between  the  pitch  surface  and  the  crest  of  the 
tooth. 

The  Flank  of  a  tooth  is  that  part  of  the  acting  surface  which 
lies  between  the  pitch  surface  and  the  bottom  of  the  spaces 
between  the  teeth. 

The  Addendum  Circle  is  that  imaginary  circle  which  touches 
the  crests  of  all  the  teeth  on  the  wheel. 

The  Root  Circle  is  that  imaginary  circle  which  touches  the 
bottoms  of  the  spaces  between  the  teeth. 

The  Addendum  of  a  tooth  is  the  length  of  the  tooth  projecting 
beyond  the  pitch  surface ;  or,  it  is  that  part  of  the  tooth  lying 
between  the  pitch  surface  and  the  addendum  surface. 


Illustrating  the  Definitions  op  Terms. 

The  above  terms  will  be  understood  from  the  accompanying 
figure. 

Proportions  of  Teeth  of  Wheels.-^The  proportions  for  the  teeth 
of  wheels  vary  slightly  with  diflferent  makers,  but  the  following 
rules,  as  given  by  Prof.  Unwin,  represent  good  average  practice  : — 

Let  p  =  Pitch  of  teeth  in  inches. 

Then,     Height  of  tooth  above  pitch  line,         .  =  'Sp, 

Depth  of  tooth  below  pitch  line,  .  =  'ip, 

Thickness   of  tooth  (measured  along 

pitch  line),  .         .         ■         .  =  -iSp, 

Width  of  space  between  the  teeth,       .  =  •52p, 

Width  of  face  of  tooth,      .         .         .  =     2  p  to  3  p. 

Clearance. — These  proportions,  as  shown  in  the  following  figure, 
give  a  side  clearance  of  (-52  - -48)  p  =  -Oip,  and  a  bottom  clear- 
ance of  ('4:  -  '3)  ^  =  "1  p. 
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Arc  of  Action. — Consider  the  action  of  a  pair  of  teeth  gearing 
together,  from  the  instant  at  which  contact  begins  to  the  instant 
at  which  contact  terminates.  During  the  first  part  of  the  action 
the  flemk  of  the  tooth  on  the  driver  is  in  contact  with  the  face 


■  Bottom 
Clearance. 
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of  the  tooth  on  the  follower.  This  continues  until  the  pitch 
point  is  reached,  at  which  instant  the  line  of  contact  of  the  teeth 
coincides  with  the  line  of  contact  of  the  pitch  surfaces  of  the 
wheels.  After  passing  the  pitch  point,  p,  the  face  of  the  tooth 
on  the  driver  continues  in  contact  with  the  fUmk  of  the  tooth  on 
the  follower,  until  contact  ceases.  Action  begins  at  a,  the  point 
of  the  tooth  on  the  follower,  and  terminates  at  b,  the  point  of  the 
tooth  on  the  driver. 


FOLLOWER 


DRIVER 


Illustrating  the  Tekms  Arcs  or  Approach  and  Recess. 

Arc  of  Approach  =  Arc  ap,  or  Arofp. 
Arc  of  Recess       =  Arc  p  h,  or  Arc  p  b. 
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Definition. — The  arc  of  either  of  the  pitch  circles  over 
which  there  is  contact  between  a  pair  of  teeth  is  called  the 
Arc  of  Action. 

Thus,  either  arc  aph,  or  arc  fph,  is  called  the  arc  of  action. 
The  arc  of  action  is  divided  at  the  pitch  point  into  two  parts, 
called  respectively  the  Arc  of  Approach  and  the  Arc  of  Recess. 
By  an  inspection  of  the  above  figure  it  will  be  seen  that  the 
length  of  the  arc  of  approach  depends  on  the  addendum  of  the 
teeth  on  the  follower ;  whilst  the  length  of  the  arc  of  recess 
depends  on  the  addendum  of  the  teeth  on  the  driver.  To  increase 
or  diminish  the  arc  of  contact,  the  addendum  of  the  teeth  must  be 
increased  or  diminished,  as  will  be  shown  further  on. 

Relation  between  Length  of  Arc  of  Action  and  Fitch  of  Teeth. 
— To  insure  continuous  action  between  a  pair  of  toothed  wheels, 
there  must,  at  any  instant,  be  at  least  one  pair  of  teeth  in  gear. 
Moreover,  contact  between  one  pair  of  teeth  must  not  terminate 
before  the  succeeding  pair  comes  into  operation.  This  condition  is 
insured  by  making  the  arc  of  action  greater  than  the  pitch  of  the 
teeth.  In  most  cases,  especially  with  heavy  gearing,  two  or  three 
teeth  are  in  gear  at  once.  Hence,  the  usual  rule  is  to  make  the 
arc  of  action  from  three  tofov/r  times  the  pitch  of  the  teeth. 

Clock  and  Watch  Wheels. — In  wheelwork,  such  as  in  clocks  or 
watches,  where  friction  is  most  injurious,  the  teeth  of  the  wheels 
are  usually  so  designed  that  the  driving  teeth  have  no  flanks,  and 
the  driven  teeth  no  faces.  Contact,  in  such  cases,  occurs  during 
the  period  of  recess  only,  and  then  the  arc  of  recess  must  be  at 
least  equal  to  the  pitch.  The  reason  for  this  is,  that  the  friction, 
due  to  the  sliding  of  the  teeth  on  each  other  during  action,  is  said 
to  be  greater  during  the  period  of  approach  than  that  during  the 
period  of  recess.* 

Primary  Conditions  for  Correct  Working  of  Toothed  Wheels. — 
Having  explained  some  general  principles  relating  to  toothed 
gearing,  we  shall  now  proceed  to  consider  the  necessary  con- 
ditions to  be  fulfilled  in  order  that  such  gearing  may  work 
correctly. 

The  two  necessary  conditions  are  : — 

I.  The  radii  of  the  pitch  surfaces  must  be  such  that  by  rolling 
together  they  give  the  desired  velocity-ratio. 

Let  B.^  B3  =  Radii  of  pitch  circles  of  wheels  A  and  B. 
ji    *'a>  ^'b    =  Angular  velocities  „  „ 

Then,  as  a  first  condition  we  must  have  : — 
Ra  :  Rb  =  "b  :  "a- 
*  Friction  between  the  teeth  of  wheels  will  be  considered  in  Lecture  XIV. 
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Or,  the  radii  of  the  pitch  circles  must  be  inversely  as  the 
angular  velocities  of  the  wheels. 

II.  The  shape  of  the  teeth  of  the  wheels  must  be  such,  that 
the  motion  resulting  from  their  mutual  action  shall  be  the  same 
as  that  obtained  by  the  rolling  action  of  the  pitch  surfaces. 

Let  A  and  B  be  the  centres  of  the  pitch  circles  of  two  wheels 
working  together.  A  B  the  lime  of  centres,  and  p  the  pitch 
point. 

For  clearness  we  have  represented  only  one  tooth  on  each  wheel. 
The  teeth  are  in  contact  at  the  point  ab;  a  being  the  point  of 
contact  on  tooth  A,  and  b  the  point  of  contact  on  tooth  B. 

Let  HK,  the  common 
normal  to  the  curves  of  the 
teeth  at  their  point  of  con- 
tact, intersect  the  line  of 
centres  at  q.  From  A  and 
B  draw  the  perpendiculars, 
AMandBN,  uponHK. 

With  centres  A  and  B 
draw  the  circles  passing 
through  the  point  a  b.  Then, 
at  any  instant  the  point  a 
is  moving  along  the  tangent 
to  the  circle  passing  through 
o,  and  having  its  centre  at 
A ;  i.e.,  the  point  a  is  mov- 
ing in  a  direction  at  right 
angles  to  A  a  with  a  velocity 
Va  =  u,^  X  Aa.  Similarly, 
the  point  b  is  moving  in  a 
direction  at  right  angles  to 
B  b   with   a  velocity  Vb  = 

co^xBb.     But  though  the  j^j^^g^j^^^j^^  PbmaIt  Conditions  foe 
pomts  a  and  6  are  thus  mov-     oobbect  Wokking  of  Wheel  Tebth. 
ing   in    different  directions 

and  with  different  velocities,  yet  their  component  velocities  along 
the  common  normal,  H  K,  must  be  equal,  otherwise  the  teeth 
would  either  separate  from  or  penetrate  each  other.  For  an  in- 
definitely small  movement  of  the  wheels  the  only  relative  motion 
of  a  and  5  is  in  a  direction  perpendicular  to  H  K. 

Let  V  denote  the  equal  component  velocities  of  Va  and  «j  along 
H  K.     Then,  with  reference  to  wheel  A : — 
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w  =  w^  X  A  M 
Similarly,  «  =  Wb  x  B  N 

Wji  X  A  M  =  Wb  X  B  N, 
Wa   :  «B  =  B  N   :  A  M, 
i.e.,  Rb  :  Ra  =  B  N  :  A  M, 

Or,  Bp  :Ap  =  Bg     :  A  y     [By  similar  triangles] 

This  can  only  be  true  when  q  coincides  with  p.  Hence,  the  condi- 
tion to  be  fulfilled  by  the  curves  forming  the  teeth  of  wheels  is  : — 

The  common  normal  to  the  curves  at  the  point  of  contact  of  a 
pair  of  teeth  must  always  pass  through  the  pitch  point. 

Curves  vrhich  Satisfy  the  above  Condition It  now  remains 

to  describe  curves  which  shall  fulfil  this  condition.  The  problem 
of  determining  the  proper  shape  of  teeth  admits  of  many  solutions. 
Any  shape  can  be  given  to  the  teeth  of  one  of  a  pair  of  wheels 
gearing  together,  so  long  as  a  corresponding  shape  be  given  to 
the  teeth  of  the  other  wheel,  to  fulfil  the  above  condition. 

Two  principal  curves  have  been  used  by  engineers  for  describing 
the  teeth  of  wheels.  These  are  the  cycloid  and  the  involute.*  "We 
shall  now  explain  the  nature  of  these  curves,  and  then  show  that 
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The  Cycloid  and  How  it  is  Described. 

teeth  formed  according  to  them  satisfy  the  above  condition  for 
correct  working. 

Definition. — A  cycloid  is  a  curve  traced  out  by  a  point  on 
the  circumference  of  a  circle  which  rolls  along  a  straight  line. 

The  form  of  this  curve  will  be  understood  from  the  accompany- 
ing figure.  The  rolling  circle,  G-,  is  called  the  generating  circle. 
The  point,  P,  which  traces  out  the  curve  is  called  the  tracing  point. 
The  line,  A  B,  on  which  the  circle  rolls  is  called  the  base  line. 

*  Cycloid  is  derived  from  the  Greek  word  kukXos,  signifying  a  ring  or  a 
lArcle;  Epicycloid  from  hri,  signifying  upon  and  kvkXo^-  and  Hypocycloid 
from  inro,  signifying  under  and  kukXos.  Involute  is  derived  from  lie  Latin 
words  in,  signifying  upon,  and  volvo,  to  roU. 
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The  length  of  A  B  is  equal  to  the  circumference  of  the  generat- 
ing circle.  For  any  position,  G,  of  the  generating  circle,  we  have 
A.  C  =  arc  P  C  of  the  circle. 

When  the  base  line  is  a  circle  the  curve  traced  out  by  the 
tracing  point  is  called  an  Epicycloid  or  a  Hypocycloid  according  as 


TiiE  Hypocycloid. 
A  C  B  is  the  Base  circle,  P  the  Tracing  point,  G  the  Generating  circle. 

the  generating  circle  rolls  on  the  convex  or  concave  side  of  the  base 
circle.     We  may  define  these  curves  separately,  as  follows  :  — 

Definition. — An  Epicycloid  is  a  curve  traced  out  by  a  point  on 
the  circumference  of  a  circle  which  rolls  on  the  Convex  arc  of 
another  circle. 


WHEN    THE    HYPOOYCLOID    IS    A    STRAIGHT    LINE. 
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Definition. — A  Hypocycioid  is  a  curve  traced  out  by  a  poir* 
on  the  circumference  of  a  circle  which  rolls  on  the  Concave  arc  of 
another  circle. 

The  forms  of  these  curves  will  be  understood  from  the  accom- 
panying figures. 

Particular  Cases — I.  When  the  Cycloid  is  a  Straight  Line — 
Suppose  the  radius  of  the  generating  circle  to  become  infinitely 
great ;  then,  clearly,  the  cycloid  would  become  a  straight  line  per- 
pendicular to  the  hose  line,  A  B.  An  application  of  this  is  to  be 
found  in  the  case  of  racks  having  teeth  with  straight  flanks. 

II.  When  the  Epicycloid  is  the  Involute  of  the  Base  Circle. — 
If  the  radius  of  the  generating  circle  of  the  epicycloid  be  infinitely 
great,  then  the  arc,  P  C,  becomes  a  straight  line,  and  the  epicycloid. 


Involute  Curve. 
A  C  the  Base  circle,  P  the  Tracing  point. 


Hypocycloid  a  Straight  Line. 


A  P,  is  now  termed  the  Involute  of  the  Base  Circle  or  simply  an 
Involute,  An  involute  of  a  circle  is  the  curve  traced  out  by  a 
point  on  the  free  end  of  a  stretched  string  when  the  string  is  being 
unwound  from  the  circle.  The  form  of  this  curve  will  be  under- 
stood from  the  left-hand  figure. 

III.  When  the  Hypocycloid  is  a  Straight  Line. — If  the  diameter 
of  the  generating  circle  be  equal  to  half  the  diameter  of  the  circle 
inside  which  it  rolls,  then  the  hypocycloid  traced  out  by  the  tracing 
point  will  be  a  straight  line,  and  this  straight  line  will  be  a 
diameter  of  the  base  circle.  This  case  is  shown  by  the  figure  on 
the  right. 
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Let  the  tracing  point  be  at  A  at  the  beginning  of  its  motion, 
and  at  P  for  any  position  of  the  generating  circle.  Join  0  A,  G  P, 
and  O  C.    0  0  passes  through  G,  the  centre  of  the  generating  circle 

Let  .^CGF  =  6,  ^i^COA  =  p. 

Then,  arc  P  C  =  arc  A  C,  by  definition. 

G  C  X  tf  =  O  C  X  p. 
But,  G  C  =  J  O  C,  by  hypothesis. 

6  =  2  (p. 

Now  4  is  an  angle  at  the  centre  of  the  circle  G,  and  f  is  an 
angle  at  the  circumference  of  the  same  circle.  But,  since  d  =  2  <p, 
it  follows  (converse  of  Euc.  IIL,  20)  that  these  two  angles  must 
stand  on  the  same  arc,  P  0,  of  the  circle  G.  Therefore,  P  lies  on 
the  line  O  A.  This  being  true  for  any  position  of  G,  we  conclude 
that  P  moves  along  the  straight  line  A  B,  which  is  a  diameter  of 
the  base  circle. 

IV.  When  the  Hypocycloid  is  a  Point. — By  a  reference  to  the 
following  left-hand  figure,  it  appears  that  the  same  hypocycloid 
can  be  traced  out  by  either  of  the  generating  circles,  Gj  or  Gj, 
when  the  diameters  of  these  circles  are  such,  that  their  sum  is 
equal  to  the  diameter  of  the  circle  inside  which  they  roll. 


c,  c 

The  HrpooTOLOiD  Deoenesatino  to  a  Point. 

Now,  if  the  circle  Gj  goes  on  increasing  in  size,  the  hypocycloid, 
A  P  B,  becomes  more  and  more  convex  towards  the  centre,  0, 
until,  ultimately,  when  Gj  becomes  nearly  equal  in  size  to  the  base 
circle,  the  hypocycloid  is  a  small  half-loop,  as  shown  by  the  right- 
hand  figure.  The  same  thing  takes  place  as  the  circle  Gj  decreases 
in  size.  Henee,  when  the  genei-ating  circle  is  equal  in  size  to  the 
base  circle,  the  hypocycloid  degenerates  into  a  point. 


CYCLOIDAIi    TEETH. 
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The  curves  of  the  cycloid  class  have  many  important  geometrical 
properties,  some  of  which  are  familiar  to  students  of  higher 
Dynamics,  but  the  only  property  with  which  we  are  concerned 
here  is  that  one  i-elating  to  the  normal  at  any  point  of  the  curve. 

Referring  to  the  above  figures,  let  0  be  the  point  of  contact  of 
the  generating  circle  and  base  line ;  P  the  tracing  point.  Then, 
at  any  particular  instant  during  the  rolling  of  the  circle  G,  the 
tracing  point,  P,  will  be  moving,  as  it  wei-e,  in  a  circle  whose 

radius  is  C  P,  and  having 
0  as  its  centre.  In  other 
words,  C  is  the  instan- 
taneous c/mtre  of  motion. 
C  P  is,  therefore,  the  radius 
of  curvature  of  the  curve 
at  the  point  P.  Hence, 
the  normal  to  the  curve 
at  the  point  P  is  in  the 
direction  P  0.  It  is  this 
property  of  the  cycloidal 
and  involute  curves  which 
fit  them  so  well  for  the 
teeth  of  wheels. 

Cycloidal  Teeth.  —  Let 
Ej^Ej,  HjjbHj  be  the 
pitch  circles  of  two  wheels 
gearing  together,  p  being 
the  pitch  point.  Let  G 
be  the  fixed  centre  of  a 
third  circle  touching  the 
other  two  circles  at  the 
pitch  point,  p.  Let  P  be 
a  tracing  point  on  the 
circumference  of  this 
circle. 

At    the     beginning     of 


Illustrating  Fulfilment  of  Primary 
Conditions  by  Cycloidal  Teeth. 


motion,  let  P,  E^,  and 
Hj  all  coincide  at  the 
point,  p.  Let  the  three  circles  now  roll  in  contact  with  each 
other  in  the  directions  indicated.  The  point,  P,  will  then  describe 
simultaneously  the  epicycloid,  Ej  P  Ej,  outside  the  pitch  circle.  A, 
and  the  hypocycloid,  Hj  P  Hj,  inside  the  pitch  circle,  B.  Since 
both  curves  are  traced  out  by  the  same  generating  circle  and 
tracing  point,  it  follows,  from  what  has  already  been  said,  that  the 
common  normal  at  their  point  of  contact,  P,  always  passes  through 
the  pitch  point,  p.     But  this  is  the  very  condition  which  we  have 

5  '  15 
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been  seeking  to  fulfil,  and  we  now  see  that  teeth  of  the  cycloidal 
class  satisfy  this  condition  for  correct  working.  The  part,  Ej  P,  of 
the  epicycloid  may  represent  the  curve  for  the  face  of  a  tooth  on 
the  wheel,  A,  and  the  part,  Hj  P,  of  the  hypocycloid  the  curve  for 
the /ZareA  of  a  tooth  on  the  wheel,  B.  Hence,  if  the  faces  of  the 
teeth  on  the  one  wheel,  and  the  jlavks  of  the  teeth  on  the  other 
be  described  by  the  sowne  generating  circle,  the  two  wheels  will 
work  correctly  together. 

The  student  should  observe  that  the  action  between  a  pair 
of  teeth,  however  perfectly  formed,  is  not  wholly  due  to  the 
rolling  of  one  tooth  on  the  other.  An  inspection  of  the  pre- 
vious figure  will  make  this  quite  clear.  Thus,  at  the  beginning 
of  the  motion  described,  when  P  coincides  with  p,  Ej  coincides 
with  Hj.  When  the  motion  is  such  that  P  is  brought  into  the 
position  shown  on  the  figure,  the  length  of  epicycloid  described  is 
Ej  P,  and  that  of  the  hypocycloid,  H^  P.  These  arcs  are  not 
equal  in  length,  Ej  P  being  greater  than  H^  P.  Therefore,  the 
amount  of  sliding  is  EjP  -  Hj  P.  Hence,  the  action  between  a 
pair  of  teeth  in  contact  is  partly  sliding  and  partly  rolling. 

It  is  not  necessary  that  the  same  generating  circle  be  employed 
for  describing  both  faces  or  both  flanks  of  the  teeth  on  the  same 
wheel,  but  it  is  very  advantageous  to  have  the  teeth  so  described, 
especially  if  the  wheels  require  to  run  in  either  direction. 

Gee's  Toothed  Gearing. — When  the  wheels  require  to  run  in 
one  direction  only,  the  posterior  or  unacting  surfaces  of  the 
teeth  may  be  given  any  shape  whatever.      A  form  of  toothed 


Gee's  Toothed  Gearing. 

gearing,  known  as  Gee's,  seems  to  fulfil  the  purpose  very  well. 
It  is  said  to  be  35  per  cent,  stronger  than  the  ordinary  form. 
The  driving  surfaces  of  the  teeth  are  of  the  usual  form,  but  the 
other  surfaces  are  more  inclined,  as  shown  by  the  accompanying 
figure.  This  causes  the  roots  of  the  teeth  to  be  much  thicker 
than  with  ordinary  teeth,  and  hence  the  increase  of  strength. 

Exact  Method  of  Drawing  the  Curves  for  Cycloidal  Teeth. — 
The  method  of  describing  tlie  curves  for  the  teeth  of  wheels  will 


PRACTICAL    METHOD    OP    SETTING    OUT   CURVES. 
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now  be  easily  understood.  Let  G,  represent  the  ^enera.tinsr  nivlfi 
used  for  describing  the  f<iGe»  of  the  teeth  on  wheel  A  and  the 
flanks  of  the  teeth  on  B  ;  Q^  the  generating  circle  used  for  describ- 
ing the  faces  of  the  teeth  on  B  and  the  flanks  of  the  teeth  on  A. 
Draw  the  addendum  and  root  circles  and  divide  the  pitch  circles 
into  as  many  equal  arcs  as  there  will  be  teeth  on  the  wheels.  On 
each  side  of  these  points  of  division  set  oflf  equal  distances  to  repre- 
sent Aa^the  thickness  of  a  tooth  as  measured  along  the  pitch  circle. 


iLLffSTEATINO  METHOD   OP  SbTTINO  OUT  CURVBS  FOE  TeETH  OF  WHEELS. 


Let  a,  be  a  point  on  pitch  circle  of  wheel  A,  and  h,  a  point  on 
pitch  circle  B,  from  which  the  curves  for  a  tooth  on  each  wheel 
have  to  be  set  out. 

By  placing  the  generating  circles,  Gj,  Gg,  in  contact  with  the 
pitch  circles  at  these  points,  and  then  tracing  out  the  parts  of  the 
epicycloids  and  hypocycloids  between  the  pitch  circles  and  adden- 
dum and  root  circles  as  shown,  the  curves  for  a  tooth  on  each 
wheel  may  be  thus  described.  This  process  may  be  repeated  for 
all  the  teeth  on  both  wheels,  and  we  thus  obtain  a  complete  repre- 
sentation of  a  pair  of  spur  wheels  having  cycloidal  teeth. 

Practical  Method  of  Drawing  the  Curves  for  Cycloidal  Teeth 

The   above  method   of  setting  out   the  curves  for  the  teeth  of 
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wheels,  although  mathematically  exact  and  apparently  quite 
simple,  is  found  to  be  rather  tedious  in  practice,  and  consequently 
in  working  drawings  we  always  find  the  true  curves  represented 
approximately  by  arcs  of  circles.  The  following  method  of  obtain- 
ing curves  for  the  teeth  of  wheels  is  very  often  used  in  practice  : — 
Make  a  wooden  template,  T,  having  a  thickness  of  about  |  inch, 
and  of  such  a  shape  that  its  outer  and  inner  edges  are  each  arcs  of 
a  circle  having  a  radius  equal  to  that  of  the  pitch  circle  of  the 
wheel  upon  which  the  teeth  have  to  be  described.  Make  also 
template  segments  of  the  generating  circles,  G^,  Gq,  and  pass  a 


Practical  Method  of  Setting  out  Curves  fob  Teeth  of  Wheels. 


Tracing  point  of  needle. 

Centre  for  circular  arc 
approximately  coin- 
ciding with  epicy- 
cloidal  arc,  a  b. 

Centre  for  circular  arc 
approximately  coin- 
ciding with  hypO' 
cycloidal  arc,  ac. 
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small  pencil  or  needle,  N  P,  through  each,  so  that  the  point,  P, 
coincides  with  the  outer  edge,  as  sliown  in  the  elevation. 

Fix  a  sheet  of  drawing  paper  on  a  drawing  board,  D  B.  On 
this  paper  dra-w  an  arc  of  a  circle  having  a  radius  equal  to  that  of 
the  pitch  circle  of  the  wheel.  By  means  of  nails  attach  the  pitch 
circle  template,  T,  to  the  drawing  board  in  such  a  position  that 
its  convex  arc  coincides  with  the  arc  of  the  pitch  circle  drawn  on 
the  paper.  Now  take  the  generating  circle,  G^,  and  bring  it  in 
contact  with  the  convex  edge  of  the  pitch  circle  template,  so  that 
the  point,  P,  coincides  with  the  point,  a.  Roll  G^  along  the  tem- 
plate, T,  in  the  direction  indicated,  when  the  point,  P,  -will 
describe  an  arc  of  an  epicycloid,  a  b.  The  arc  of  the  epicycloid 
intercepted  between  the  pitch  circle  and  the  addendum  circle 
represents  the/ace  of  a  tooth  Now  shift  the  pitch  circle  template, 
T,  so  that  its  concave  edge  coincides  with  the  pitch  circle  drawn 
on  the  paper.     By  placing  the  generating  circle,  Gh,  in  contact 


Spur  Wheel  and  Pinion  with  Cycloidal  Teeth. 

with  the  concave  edge  of  T,  and  having  the  tracing  point  or 
pencil,  P,  coinciding  with  a,  the  hypocycloid,  ac,  can  then  be 
traced  in  the  same  manner.  The  arc  of  the  hypocycloid  inter- 
cepted between  the  pitch  circle  and  the  root  circle  will  repre- 
sent the  Jlank  of  a  tooth  on  the  wheel. 

Having  obtained  these  curves,  it  remains  to  find,  by  trial,  the 
radii  and  centres,  E,  H,  of  arcs  of  circles  which  approximately 
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coincide  with  the  epicycloidal  and  hypocycloidal  arcs  respectively. 
These  being  found,  approximate  curves  can  readily  be  drawn  to 
represent  the  faces  and  flanks  of  the  teeth.      This  method  i» 


Spur  Wheels  with  Ctcloidal  Teeth. 


often  used  by  patternmakers  when  setting  out  the  curves  for  the 
teeth  of  wheels.  For  ordinary  methods  of  representing  on  drawings 
the  curves  for  the  teeth  of  wheels,  the  student  must  consult  works 


RACK   AND    PINION   WITH    CYCLOlDAt   TEETH. 
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on  Machine  Drawing.  The  student  must  be  reminded,  however, 
that  true  cycloidal  curves  can  never  be  accurately  represented  by 
arcs  of  circles,  however  many  of  these  may  be  employed  in  com- 
pleting the  drawing. 

The  previous  figures  represent  spur  wheels  with  cycloidal  teeth. 

Application  of  Freceding  Principles  to  the  Case  of  a  Rack 
and  its  Pinion. — For  our  present  purpose,  we  may  consider  a  rack 
as  being  simply  a  toothed  wheel  having  a  pitch  circle  of  infinite 
radius  ;  and  it  therefore  follows,  that  the  preceding  principles  are 
applicable  to  it. 


jCiRSyia^ 


Back  and  Pinion  with  Cycloidal  Teeth. 

The  figure  on  the  right-hand  side  shows  a  rack  and  its  pinion, 
the  pitch  lines  being  shown  by  dotted  lines.  The  figure  on  the 
left-hand  side  shows  the  application  of  the  preceding  principles 
in  obtaining  the  curves  for  the  teeth  on  both  rack  and  pinion. 
The  generating  circle,  G-^,  is  represented  describing  the  face  of  a 
tooth  on  the  rack  and  the  flank  of  a  tooth  on  the  pinion,  while 
the  circle,  Gj,  is  employed  in  describing  the  flank  of  a  tooth  on 
the  rack  and  the  face  of  a  tooth  on  the  pinion.  The  curves 
forming  the  faces  and  flanks  of  the  teeth  on  the  rack  will  thus  be 
arcs  of  cycloids. 

Particular  Forms  of  Teeth  as  Dependent  upon  Changes  in  the 
Sizes  of  the  Generating  Circles  Employed. — In  what  has  preceded, 
we  have  been  chiefly  concerned  with  a  discussion  of  the  general 
character  and  shape  of  teeth  of  the  cycloidal  class,  and  we  now  go 
on  to  consider  a  few  particular  cases  as  dependent  upon  the  sizes 
of  the  generating  circles  employed. 

First  Particular  Case — When  the  Hypocycloid  is  a  Straight 
Line. — We  have  already  shown,  that  when  the  diameter  of  the 
generating  circle  is  half  that  of  the  circle  inside  which  it  rolls,  the 
hypocycloid  traced  out  by  the  tracing  point  is  a  diameter  of  the 
base  or  pitch  circle.     This  being  the  case  it  is  easy  to  see,  that  if 
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the  flanks  of  the  teeth  of  a  pair  of  wheels  be  described  by 
generating  circles,  whose  diameters  are  half  that  of  the  correspond- 
ing pitch  circles,  such  flanks  will  be  straight  or  radial. 

The  method  of  setting  out  such  teeth  may  be  briefly  stated 
thus: — 

Let  A  and  B  be  the  centres  of  the  pitch  circles.  Take  generating 
circles,  G^  Gg,  having  diameters  respectively  equal  to  half  those  of 


Rack  and  Pinion. 


the  pitch  circles  A  and  B.  By  rolling  G^  on  the  convex  side  ol 
pitch  circle,  B,  an  epicycloid,  6j  63,  will  be  traced  out.  This  curve 
determines  the  form  of  the  faces  of  the  teeth  on  B.  Similarly,  by 
rolling  Gb  on  the  convex  side  of  pitch  circle.  A,  the  epicycloid,  ajflSj, 
will  be  obtained,  which  will  determine  the  form  of  the  faces  of  the 
teeth  on  A. 

The  hypocycloids  corresponding  to  these  generating  circles  are 
straight  lines  or  radii  of  the  pitch  circles.  Hence,  to  complete  the 
curves  for  the  acting  surfaces  of  the  teeth,  it  is  only  necessary  to 
draw  the  radii  from  the  points  a^ ,  6j ,  &c. 

Teeth  with  radial  flanks  are  thinner  at  the  roots  than  at  the 
pitch  circle,  and  if  the  wheel  is  small  and  has  few  teeth,  it  is  noc 
difficult  to  see  that  such  teeth  may  exhibit  comparative  weakness 
at  the  roots,  the  very  place  where  they  should  be  strongest.  With 
ordinary  sized  wheels,  this  need  not  present  any  serious  obstacle, 
since  the  thickness  at  the  roots  may  be  increased  by  simply  putting 
in  fillets  between  the  straight  flanks  and  the  root  circle. 
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Back  having  Teeth  with  Radial  Flanks.— In  carrying  out  the 
above  idea  for  the  case  of  a  rack  and  pinion,  we  notice  that  the 
generating  circle  to  be  used  in  describing  the  faces  of  the  teeth  on 
the  pinion  must  have  a  diameter  equal  to  that  of  the  radius  of  the 
pitch  "circle"  of  the  rack.  But  since  this  latter  "  circle  "  has  an 
infinite  diameter,  it  follows  that  the  diameter  of  the  generating 
circle  just  referred  to  must  also  be  infinite.  Now,  we  have  already 
shown  that  the  epicycloid  traced  out  by  a  generating  circle  of 
infinite  diameter  is  an  involute  of  the  base  or  pitch  circle,  outside 
which  this  generating  circle  is  supposed  to  roll.  Hence,  the  faces 
of  the  teeth  on  the  pinion  must  be  involutes  of  its  own  pitch  circle. 
The  faces  of  the  teeth  on  the  rack  are  cycloids  described  by  a 
generating  circle,  having  a  diameter  equal  to  the  radius  of  the 
pinion. 


.^^jmm. 


Pinion  having  Teeth  with  Involute  Faces  and  Radial  Flanks. 
Rack  having  Tketh  with  Ctoloidal  Faces  and  Straight  Flanks. 

The  principle  of  construction  for  this  case  will  be  understood 
from  the  left-hand  figure  above.  The  complete  teeth  are  represented 
by  the  right-hand  figure. 

It  must  be  carefully  borne  in  mind,  that  the  form  of  the  acting 
surfaces  of  the  teeth  on  the  one  wheel,  determines  the  necessary 
form  of  the  acting  surfaces  of  the  teeth  on  the  other  wheel  in  gear 
with  it.  In  the  case  of  cycloidal  teeth,  the  only  necessary  con- 
dition to  be  observed  in  their  construction,  in  order  to  insure 
correct  working  is,  that  the  same  generating  circle  be  used  in 
describing  the  faces  of  the  teeth  on  the  one  wheel  as  that  used  in 
describing  the  flanks  of  the  teeth  in  the  other.  This  condition  is 
clearly  fulfilled  in  the  two  particular  cases  just  considered. 

Practical  Method  of  Drawing  Involute  Curves  for  the  Faces  of. 
Teeth  on  a  Pinion. — The  following  is  a  simple  practical  method  of 
drawing  the  involute  curves  for  .the  faces  of  the  teeth  on  the  pinion, 
gearing  with  a  rack  having  teeth  with  radial  flanks. 

D  £  is  a  drawing  board,  having  a  sheet  of  drawing  paper,  D  P, 
fixed  to  it.      Draw  on  the  paper,  full  size,  an  arc,  PC,  of  the. 
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pitch  circle  of  the  pinion.  Having  made  a  template,  T,  of  wood 
with  a  convex  edge,  struck  with  a  radius  equal  to  that  of  the  pitch 
circle  of  the  pinion,  fix  it  to  the  board  with  this  edge  coinciding 
with  P  C,  as  shown  by  the  figure.  Next  take  a  lath,  L,  of  wood, 
having  one  of  its  edges  perfectly  straight,  and  carrying  a  small 

D.B. 


Pkactical  Method  of  Drawing  Involute  of  Pitch  Circle. 
Index  to  Parts. 


D  B  represents  Drawing  board. 
DP  „  Drawing  paper. 
PC  „         Pitch  circle  of  wheel. 


T  represents  Wooden  template. 
L         ,,  Wooden  lath. 

P         ,,  Tracing  point. 


pencil  or  needle,  P,  projecting  from  the  straight  edge.  Let  the 
straight  edge  of  L  be  placed  against  the  convex  edge  of  T,  and  let 
the  point  P  coincide  with  the  point  o,  from  which  the  curve  must 
start.  Now  allow  the  lath  to  roU  on  the  edge  of  T,  so  that  the 
straight  edge  of  L  will  always  form  a  tangent  to  the  pitch  circle, 
care  being  taken  not  to  allow  any  slipping  during  the  process.  By 
this  means,  the  point  P  will  describe  a  curve  which  will  be  an 
involute  of  the  pitch  circle,  P  C.  An  arc  of  a  circle  can  now  be 
drawn,  which  will  approximately  coincide  with  the  involute  arc  so 
found,  and  then  the  curves  for  the  faces  of  the  teeth  may  be 
set  out. 

Second  Particular  Case — When  the  Hypocycloid  is  a  Point- 
Pin  Wheels. — We  have  already  shown  that  the  hypocycloid  degen- 
erates to  a  point  when  the  diameter  of  the  generating  circle  ia 
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equal  to  that  of  the  base  circle  inside  which  it  rolls.  Hence,  if 
the  diameters  of  the  generating  circles  be  taken  equal  in  size  to 
the  respective  pitch  circles  of  a  pair  of  wheels  intended  to  gear 
together,  it  is  clear,  that  the  teeth  on  both  wheels  will  possess 
the  peculiar  property  of  having  no  Jlanks.  In  this  particular 
case,  the  teeth  on  one  of  the  wheels  must,  theoretically,  be  mere 
points.  In  practice  the  teeth  must  have  some  magnitude,  and 
consequently  we  find  pins  instead  of  mere  points.  A  wheel  of 
this  description  would  be  called  a  pin  wheel,  and  consists  of  a 
series  of  pins  projecting  from  the  face  of  a  circular  disc,  as  shown 
by  the  following  figures.  When  the  pins  are  fixed  between  two 
discs  we  then  obtain  what  is  called  a  lantern  wheel ;  a  form  of 
wheel  now  rarely  used,  except  in  clock  and  watch  mechanism. 


Pin  Wheel.  Lantern  Wheel. 

The  problem  now  before  us  is,  given  a  pin  or  lantern  wheel,  to 
describe  the  teeth  on  another  wheel  which  shall  work  accurately 
with  it. 

We  shall  first  suppose  the  pins  to  have  no  diameter,  in  other 
words,  to  be  mere  points. 


Method  of  Drawing  Teeth  on  a  Wheel  to  Ueab  with  a  Pin  Wheel. 
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Let  A  be  the  centre  of  the  pitch  circle  upon  which  the  required 
teeth  have  to  be  described,  and  B  the  centre  of  the  pin  wheel.  The 
generating  circle,  G,  used  for  describing  the  faces  of  the  teeth  on 
A,  must  be  of  the  same  size  as  the  pitch  circle,  B.  The  shape  of 
the  complete  teeth  on  A  is  shown  by  the  figure  on  the  right-hand 
side,  from  which  it  will  be  seen  that  the  teeth  have  no  flanks. 

To  complete  the  problem  we  must  modify  the  above  figure  on 
the  right-hand  side  to  suit  the  actual  case  when  pins  of  definite 
diameter  are  substituted  for  the  points  on  the  wheel  B.  Having 
fixed  upon  the  diameter  of  the  pins,  draw  circles  to  represent 
these  round  the  pitch  circle,  B,  as  shown.  At  the  points  of  inter- 
section of  the  dotted  epicycloids  with  the  pitch  circle,  A,  draw  the 
small  arcs  inward  (with  a 
radius  equal  to  that  of  the 
pins),  to  represent  the  re- 
cesses into  which  the  pins 
enter  when  approaching  the 
pitch  point,  -p.  Then  draw 
curves  from  the  ends  of 
these  small  arcs  parallel  to 
the  dotted  epicycloids  as 
indicated,  the  distance  be- 
tween the  parallel  curves 
being  half  the  diameter  of 
the  pins. 

It  should  be  noticed,  how- 
ever, that  the  parallel  curves 
so  drawn  are  very  approxi- 
mately epicycloids  traced  by 
a  generating  circle  equal  in 
size  to  the  one  used  in  de- 
scribing the  dotted  curves. 
Hence,  it  is  only  necessary 
to   draw  from  the  ends  of 

the  small  circular  arcs,  epicycloids  with  a  generating  circle  equal 
in  diameter  to  that  of  the  pitch  circle,  B,  and  these  will  represent 
the  working  faces  of  the  teeth  on  A. 

Pins  are  always  placed  on  the  Follower. — When  one  of  a 
pair  of  wheels  in  gear  has  pins  instead  of  teeth,  it  is  the  practice 
to  'place  the  pins  on  that  wheel  which  is  to  he  the  follower.  The 
reason  for  this  will  be  apparent  when  we  remember  what  has  been 
said  regarding  the  friction  between  the  teeth  during  the  arcs  of 
approach  and  recess.  The  friction  during  the  arc  of  approach  is 
said  to  be  greater  than  that  during  recess,  and  if  this  be  the  case, 
it  follows,  that  the  arc  of  approach  should  be  as  small  as  possible 


Teeth  to  Gear  with  a 
Pin  Wheel. 
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Now,  in  the  arrangement  just  considered,  wherein  the  teeth  have 
no  flanks,  it  is  clear  that  there  will  be  no  arc  of  approach  or  no 
arc  of  recess  according  as  the  pin  wheel  is  the  follower  or  the 
driver.  If  the  pin  wheel  be  the  follower,  the  whole  of  the  action 
between  the  teeth  on  A  and  the  pins  on  B  will  occur  after  the 
line  of  centres — i.e.,  during  the  arc  of  recess.  If  B  becomes  the 
driver,  then  the  whole  of  the  action  takes  place  during  the  arc 
of  approach.  This  latter  arrangement  should  therefore  not  be 
adopted. 

Rack  and  Pinion. — Sometimes  we  find  either  a  rack  or  its  pinion 
fitted  with  pins  instead  of  ordinary  teeth.  In  any  case,  however, 
the  above  rule  must  be  attended  to — viz.,  the  pins  always  to  be 
placed  on  the  follower.  Hence  two  cases  arise — (1)  the  pinion 
may  drive  the  rack,  or  (2)  the  rack  may  drive  the  pinion. 

(1)  Suppose  the  Pinion  to  Drive  the  Each. — In  this  case,  the 
pins  must  be  placed  upon  the  rack.  Now  the  pitch  line  of  a 
rack  has  been  stated  to  be  part  of  a  pitch  circle  of  infinite  radius, 
and  since  the  faces  of  the  teeth  on  the  driver  are  supposed  to  be 
described  by  a  generating  circle  having  the  same  diameter  as 
the  pitch  circle  of  the  follower,  it  follows  that  this  generating 
circle  must  also  be  of  infinite  radius.     Hence,  the  curves  for  the 
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faces  of  the  teeth  on  the  pinion  will  be  involutes  of  its  own  pitch 
circle. 

The  principles  of  construction  in  this  case  will  be  understood 
from,  what  has  preceded  and  by  a  reference  to  the  accompanying 
figures. 

(2)  Suppose  the  Hack  to  Drive  the  Pinion. — In  this  case,  the 
pins  must  be  placed  upon  the  pinion.  Hence,  the  faces  of  the 
teeth  on  the  rack  must  be  described  by  a  generating  circle,  G,  equal 
in  diameter  to  that  of  the  pitch  circle  of  the  pinion.  The  curves 
for  the  faces  of  these  teeth  will  thus  be  cycloids.      The  method 
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of  describing  these  as  well  as  their  appearance  when  complete 
will  be  easily  understood  from  the  figure. 


c!5£!^^ 


Pin  Wheel  in  Gear  with  a  Rack. 


Disadvantage  of  Pin  Wheels. — Pin  wheels  are  now  seldom  used, 
except  in  clock  and  watch  mechanism,  owing  to  a  practical  dis- 
advantage which  they  possess— viz.,  that  the  wheels  required  to 
gear  with  them  have  to  be  specially  designed,  and  these  latter  can 
only  be  geared  with  one  particular  size  of  pin  wheel,  and  with  no 
other  kind  of  toothed  wheel. 
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Lecture  XI. — Questions. 

1.  Explain  the  terms  "pitch"  (circular  and  diametral),  "pitch  circle," 
and  "pitch  point"  as  applied  to  toothed  gearing.  State  the  relation  be- 
tween the  circular  and  diametral  pitches. 

2.  Explain,  by  aid  of  sketches,  the  meanings  of  the  terms  "face," 
"flank,"  "addendum,"  and  "clearance"  as  applied  to  toothed  gearing. 
State  the  usual  proportions  for  the  addendum  and  clearance  (side  and 
bottom)  in  terms  of  the  pitch.  What  is  the  effect  of  clearance  on  the 
action  of  the  teeth  ? 

3.  "What  is  meant  by  the  pitch  of  a  tooth  in  a  spur  wheel  ?  What  are  the 
usual  forms  of  teeth  and  how  are  they  described  ?  Sketch  two  consecutive 
teeth  of  a  spur  wheel,  and  give  the  relative  proportions  of  the  different 
parts  of  a  tooth  in  terms  of  the  pitch. 

4.  Design  by  any  method  you  know  the  tooth  of  a  spur  wheel— pitch 
=  2  inches ;  diameter  =  7  inches ;  and  show  by  dimensions  the  correct 
proportions. 

5.  What  is  meant  by  the  term  arc  of  action  ?  State  the  usual  length  of 
arc  of  action  in  terms  of  the  pitch. 

6.  Upon  what  principle  are  teeth  of  wheels  of  the  epicycloidal  and  hypo- 
cycloidal  form  constructed  ?  Show  under  what  conditions  they  will  work 
properly.  What  is  to  be  done  in  order  that  any  wheels  of  a  set  may  work 
accurately  together  ? 

7.  In  forming  the  teeth  of  wheels,  the  geometrical  condition  is  that  the 
common  perpendicular  to  the  surfaces  of  two  teeth  in  contact  shall  always 
pass  through  the  point  of  contact  of  the  pitch  circles  of  the  wheels.  Write 
Out  a  proof  of  this  general  proposition. 

8  Give  the  theory  for  constructing  teeth  of  wheels  with  radical  flanks 
which  shall  work  accurately  together,  the  distance  between  the  centres  of 
the  pitch  circles  of  two  such  wheels  being  24  inches,  and  the  required 
velocity -ratio  of  the  wheels  3  to  1,  find  the  diameter  of  the  rolling  circles 
for  describing  the  teeth  of  each  wheel.     Ans.  18  ins.  and  6  ins. 

9.  A  toothed  spur  wheel  is  4  inches  pitch  Sketch  a  tooth  and  mark  on 
it  suitable  dimensions.  Draw  accurately  a  suitable  curve  for  such  a  tooth, 
taking  the  pitch  line  straight  as  in  a  rack,  and  using  a  describing  circle  of 
5  inches  radius. 

10.  What  geometrical  condition  must  be  satisfied  by  the  acting  surfaces 
of  the  teeth  of  a  pair  of  wheels  in  order  that  the  velocity-ratio  communicated 
may  be  constant  ?  Show  that  this  condition  is  fulfilled  by  epicycloidal  and 
hypocycloidal  curves. 

11.  Show,  by  sketches,  what  cycloidal  curves  should  be  used  or  approxi- 
mated to  in  the  faces  and  flanks  of  the  teeth  in  the  following  cases : — 
(a)  Pair  of  wheels  in  external  contact ;  (6)  Pinion  and  rack.  It  is  only 
necessary  to  mention  the  proper  curves,  without  attempting  to  draw  them. 

12.  Define,  and  show  roughly  by  sketches,  the  following  curves: — The 
cycloid,  epicycloid,  hypOoyoloid,  and  involute.  Mention  one  property  of 
those  curves  which  make  them  so  useful  for  engineering  purposes.  Discuss 
the  various  particular  forms  assumed  by  those  curves  under  particular 
circumstances,  and  state  some  of  their  applications. 

13.  Describe  the  form  of  Gee's  patent  wheel  teeth,  and  mention  what  is 
their  advantage. 
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14.  In  wheels  with  pins  for  teeth  the  pins  are  always  placed  upon  the 
follower ;  will  you  explain  this  ?  What  are  the  chief  disadvantages  of  pin 
wheels  ? 

15.  A  toothed  wheel  drives  a  pin  wheel ;  investigate  the  proper  form  for 
the  curves  of  the  teeth.  The  diameter  of  each  pin  being  known,  how  do 
you  proceed  to  set  out  the  teeth,  preserving  their  theoretical  outline  ? 
Sketch  the  necessary  diagram. 
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Lecture  XI. — A  M.Inst.C.E.  Exam.  Questions. 

1.  In  toothed  gearing,  in  order  to  preserve  a  constant  velocity  ratio,  the 
common  normal  to  the  acting  surfaces  of  a  pair  of  teeth  at  their  point  of 
contact  must  always  pass  tlirough  the  pitch-point.  Prove  this,  and  name 
two  forma  of  teeth  which  satisfy  this  condition.     {I.C.E.,  Oct.,  1897.) 

2.  State,  with  proof,  the  single  kinematic  condition  that  has  to  be 
satisfied  in  order  that  two  curved  plates  rotating  about  fixed  parallel 
axis — such  as  the  teeih  of  spur  wheels — should  transmit  a  constant  angular 
velocity  ratio.     (I.C.E.,  Oct.,  1903.) 

3.  Prove  that,  if  the  profiles  of  the  teeth  of  a  pair  of  wheels  are  correctly 
shaped,  the  common  normal  to  their  surfaces  at  thp  point  of  contact  must 
always  pass  through  the  pitch-point.     (I.O.E.,  Oct.,  1804.) 

4.  In  the  consideration  of  the  forms  suitable  for  the  teeth  of  spur 
wheels,  state  what  geometrical  condition  has  to  be  satisfied,  and  explain 
why.     (l.C.¥^.,Feb.,lWb.) 

5.  Define  rolling  contact  and  sliding  contact,  and  give  two  examples  Oi 
the  practical  application  of  each.  In  the  case  of  rolling  contact,  what  are 
the  necessary  conditions  existing  between  two  surfaces,  each  rotating  about 
its  own  centre?  Explain  how  every  arrangement  of  tooth  gearing  has 
corresponding  rolling  surfaces.  What  is  the  name  given  to  these  surfaces? 
(I.C.E.,  Oct.,  1905.) 

6.  If  the  shape  of  the  tooth  for  one  wheel  of  ordinary  toothed  gearing  be 
given,  show  by  a  graphic  construction  how  the  proper  form  of  the  teeth  of 
the  other  wheel  can  be  found.     (I.C.E.,  Feb.,  1906.) 

7.  Find  the  kinematic  condition  which  must  be  satisfied  by  the  profiles 
of  a  pair  of  wheel  teeth  in  order  that  the  velocity  ratio  between  the 
wheels  may  be  constant.  State  the  nature  of  the  curves  used  in  practice 
which  satisfy  this  condition.     {I.C.E.,  ftfc.,  1907.)    , 

8.  Make  a  sketch  showing  the  position  of  a  tooth  of  an  ordinary  epi- 
cycloidal  gear  wheel  at  the  beginning  and  at  the  end  of  contact  with  the 
tooth  of  the  gear  wheel  with  which  it  is  engaged,  and  indicate  what  are 
known  as  arcs  of  approach  and  of  reces^  and  the  arcs  of  action.  Show  that, 
if  another  pair  of  teeth  must  come  into  gear  before  those  under  con- 
sideration go  out,  the  circular  pitch  of  each  wheel  must  not  exceed  the 
cQrresponding  arc  of  action.      (I.C.E.,  Feb.,  1908.) 
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Contents.— Path  of  Contact  with  Cyeloidal  Teeth— Obliquity  of  Reaction 
— Length  of  Cyeloidal  Teeth  for  given  Arcs  of  Approach  and  Recess — 
Calculation  of  the  Length  of  Cyeloidal  Teeth — Examples  I.  and  II. — 
Diameter  of  Generating  Circle— Least  Number  of  Cyeloidal  Teeth  to 
be  placed  upon  a  Wheel — Cyeloidal  Teeth  for  Wheels  with  Internal 
Contact — Path  of  Contact  with  Internal  Gearing — Formulae  for  Length 
of  Teeth  of  Internal  Gearing — Questions. 

Path  of  Contact  with  Cyeloidal  Teeth. — Let  the  accompanying 
figure  represent  portions  of  two  pitch  circles  with  their  addendum 


circles  and  generating  circles,  G-j,  G2.    Prom  the  figure,  it  will  be 
seen  that  contact  betvveen  two  teeth  begins  at  Bj  and  terminates 
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at  6j,  the  points  a^  and  6j  being  determined  by  the  intersection 
of  the  addendum  and  generating  circles.  During  motion  the 
point  of  contact  of  the  pair  of  teeth  in  question  travels  along  the 
curve,  a^pb^,  which  is  made  up  of  the  arcs,  a^p,  ph-^,  of  the  two 
generating  circles,  Gj,  G^. 

Definition. — The  path  a^pb^,  along  which  the  point  of  contact 
of  a  pair  of  teeth  moves,  is  called  the  Path  of  Contact. 

The  whole  path  of  contact  is  divided  at  the  pitch  point,  p,  into 
two  parts  called,  respectively,  the  Path  of  Approach,  a^p,  and  the 
Path  of  Recess,  p  b^.* 

If  the  direction  of  motion  of  the  wheels  be  reversed,  then  the 
path  of  contact  will  be  ajP^a- 

The  path  of  contact  in  the  case  of  cycloidal  teeth  is  always 
circular,  but  in  some  forms  of  teeth,  for  example  involute  teeth, 
the  path  of  contact  may  be  a  straight  line.  The  student  should 
examine  all  the  preceding  particular  cases  and  ascertain  the  nature 
of  the  path  of  contact.  He  will  then  see  that  in  teeth  with  in- 
volute faces  part  of  this  path  is  a  straight  line. 

Obliquity  of  Reaction. — We  have  seen  that  (neglecting  friction) 
the  direction  or  line  of  action  of  the  mutual  pressure,  or  reaction, 
between  a  pair  of  properly  constructed  teeth  in  contact  always 
passes  through  the  pitch  point,  p.  The  angle  which  this  direction 
makes  with  the  common  tangent  to  the  two  pitch  circles  at  their 
point  of  contact  is  called  the  Obliquity  of  Reaction.  Thiis,  in  the 
previous  figure,  the  direction  of  the  mutual  pressure  or  reaction 
at  the  beginning  of  contact  of  a  pair  of  teeth  is  along  a^  p,  and 
at  the  end  of  contact  along  p  by  The  obliquities  of  reaction  at 
these  two  particular  points  are  denoted  by  the  angles  etj  p  M, 
6j  p  N  •  respectively.  When  the  point  of  contact  of  the  teeth 
reaches  the  pitch  point,  p,  the  direction  of  the  reaction  is  along 
M  IN",  the  common  tangent  at  p,  and  at  this  point  the  obliquity  is 
zero.  Thus,  the  obliquity  of  reaction  in  the  case  of  cycloidal 
teeth,  varies  from  a  maximum  at  the  beginning  and  end  of  contact 
of  a  pair  of  teeth,  to  zero  at  the  pitch  point.     With  such  teeth, 

*  The  student  must  carefully  distinguish  between  the  terms  path  of 
contact  and  arc  of  contact.  The  latter  term  refers  to  the  arc  on  either 
pitch  circle  turned  through  by  that  pitch  circle  during  contact  of  a  pair  of 
teeth,  while  the  former  refers  to  the  actual  path  traversed  by  the  point  of 
contact  during  the  same  period.  Kevertheless,  it  should  be  noticed,  that 
with  cycloidal  teeth : — 

Length  of  arc  of  approach,  ep  or  gp  =  length  of  path  of  approach,  aip. 
„         arc  of  recess,  pf  or  ph         =        „         path  of  recess,  pbi. 
so  that : — 

Jjeogth  of  arc  of  contact  =  length  of  path  of  contact. 
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the  maximum  obliquity  should  never  be  allowed  to  exceed  30°. 
In  those  teeth  of  which  the  path  of  contact  is  a  straight  line, 
the  obliquity  remains  constant  during  contact,  and  should  never 
exceed  about  15°. 

Length  of  Cycloidal  Teeth  for  given  Arcs  of  Approach  and 
Recess. — When  the  arcs  of  approach  and  recess  are  given  for  a 
pair  of  wheels,  we  can  then  determine  the  lengths  to  be  given  to 
the  teeth  on  the  two  wheels  respectively.  Referring  to  the  last 
figure,  let  arcs  p  e,  pf  represent  the  given  lengths  of  the  arcs  of 
approach  and  recess  respectively.  On  the  given  generating  circles, 
G],  Gji  *"^''  °ff  *^^  ^^'^^  P  ^v  P  ^i>  filial  in  length  respectively  to 
p  e,  pf.  Through  the  points  a-^,  6j  draw  the  circles  Ad  Ob,  Ad  0^, 
about  the  centres  B  and  A  respectively.  These  are  the  addendum 
circles  for  the  two  wheels.  After  making  allowances  for  bottom 
clearance,  the  root  circles,  R  0^,  R  Ob,  can  be  drawn.  Prom  this 
construction,  the  sizes  of  the  teeth  on  the  two  wheels  can  be 
determined. 

Calculation  of  the  Length  of  Cycloidal  Teeth We  shall  now 

show  how  the  previous  problems  may  be  solved  by  calculation. 

In  the  accompanying  figure,  let  wheel  A  be  the  driver,  B  the 
follower,  and  Gj,  Gj  the  generating  circles.  Then  aph  is  the 
path  of  contact. 

Let  Rj  =  Radius  of  pitch 
circle,  A. 

„  >-j  =  Radius  of  circle,  Gj, 
used  in  describing 
faces  of  teeth  on  A. 

„  3j  -  Addendum  of  teeth 
on  A. 

„  6,  (p  =  Maximum  obliqui- 
ties of  action  dur- 
ing approach  and 
recess  respec- 
tively. 

„  a,  /3  =  Lengths  of  arcs  of 
approach  and  re- 
cess respectively. 

Length  of  Cvcloidal  Teeth. 

Then,  since  Path  of  approach  or  recess  =  Arc  of  approach  or  recess. 

a  =  arc  ap  ;  and  /8  =  arc  p  b. 

Join  A  b,  Gj  b,  0  b,  and  p  b.  Draw  A  H  perpendicular  to  6  ^ 
produced.     Then  clearly,  -.-ip  AH  =  .<-ipC6  =  .<^6pN  =  ®. 


246  LECTURE  xir. 

Since  6  A  H  is  a  right  angled  triangle,  we  get : — 

A  62  =  A  H2  +  H  J2. 
But,  AJ  =  Ej  +  5j. 

A  H  =  Rj  cos  p. 
And,  H  6  =  Hp  +  ^  6  =  Ej  sin  p  +  2  r j  sin  p. 

(El  +  5i)2  =  K|cos2  p  +  (Rj  +  2  ri)2  sin2  p. 
.-.    R?  +  2  El  5i  +  8?  =  Rf  (cos2 g>  +  sin^  p)  +  4 (Ej  +  ri)ri  sin^  <p. 

2Ri3i  +  3J  =  4(Ki  + /-i)riSin2p (I) 

Also,  Arc  ^  6  =  rj  x  2  p. 

i.e.. 


=  2/-!  p.  1^ 
"27i-      j 


(H) 


(n„) 


Or, 

-  '1 

Similarly,  if  Rj,  r^,  8^  apply  to  the  follower,  B. 

Then,        2  R2  ^2  +  5»2  =  4  (Rg  +  A-2) /-2  Sin2  tf     ....      (U 

And,  a  =  2  ^3  ^ 

""'  '^^^ 

From  these  equations  the  addenda  of  the  teeth  on  the  two  wheels' 

can  be  calculated,  if  we  know  the  sizes  of  the  generating  circles  and 

the  arcs  of  approach  and  recess. 

When  the  wheels  are  large  we  may  neglect  3^  in  equations  (I) 

and  (la),  since  this  quantity  will  be  small  compared  with  E,  and 

we  get  the  approximate  formulae  : — 


«!  =  2  (^1  +  0  /-i  sin2  p 
And,  6^  =  2(1  +  ~A  r^  sm2 » 


(III) 


."2/ 

Again,  the  sizes  of  the  generating  circles  are  generally  stated  in 
terms  of  the  size  of  the  pitch  circles  inside  which  they  roll. 

Hence,  let : —  rj  =  m^  Rj,  r^  =  mj  Rj. 

Where  m^  and  nia  are  fractions  seldom  greater  than  one-half 

Then,  equations  (I)  and  (III)  become  : — 

2  Ri  81  +  3?  =  4  /Ha  (Ri  +  m^  R2)  R2  w?  9  \         /jy) 
2R2  32  +  ^2  =  4/ni(R2  + /niRi)RiSin2tf  /     '^     ' 

Or,  approximately,  \  =  2  ffjj  (l  +  —4- 


=  2/ni(: 


1.^ 


(V) 
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Let  jo  =  Pitch  of  teeth  on  wheels. 

„     Jij,  TOg  =  Number  of  teeth  on  respective  wheels. 

And  we  get  the  following  final  equations  :■ — 

Or,  approximately, 

-jrn^d^  =  m^in^  +  m^n2)n2psm^<P   \     /yiji 
17  112^2  =  miin^  +  nil n^)nipsm^ 6    /   "^       ^ 

And,  wa  =  m^n-^p  6}  rVIIl) 

■r0  =  in2n2p<Pi 

We  would  recommend  the  student  to  use  equations  (I)  and  (II) 
in  working  out  problems,  instead  of  attempting  to  remember  all 
the  above  particular  forms  which  they  assume. 

Example  I. — The  flanks  of  the  teeth  of  a  pair  of  wheels  are 
radial.  The  number  of  teeth  on  the  wheels  are  21  and  120.  The 
addendum  to  each  wheel  is  -^^  pitch.  Find  the  lengths  of  the  arcs 
of  approach  and  recess,  supposing  the  small  wheel  to  be  the  driver. 

3 

Answer. — Here  mj  =  21;  TOj  =  1^0;  3^  =  55  =  ^p. 

■R        '^iP  _  ^^P 
^1-   2^  "    2^' 

.    ,  T.        '"'iP      120p 

And,  E,,  =  TT^  =  -T^ 

1            120» 
Since  the  flanks  are  radial  r,  =  -FrR«  =  -1 • 

1       2     ^         4  w 

And,  ^^  =  _R^  =  __, 

From  equation  (I),  we  get : — 

2  R^  a^  +  S[  =  i  (Ri  +  r-i)  rj  sin^  p. 

...     2  V  2_l£  X  ^  +1^  =  4&  +  1^^  X  }^.inH. 
2^        10       100         V2^        4^y         4^ 

.   2x21x3x^    9  X  2ff2  fin    ■  2^ 

•  • W--  '"  -TOO-  =  1^^  "  ^°  '^^  ^• 

sin  p  =  -0652. 
Or,  p  =  3J°,  nearly  =  'OBS  radian. 
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Hence,  Arc  of  recess  =  /3  =  2  r^  p 

=  2  X  -f^  X  -065  =  1-25  D,  nearly 

Next,  to  find  the  arc  of  approach. 
From  equation  (!«  ),  we  get : — 

2  E,2  ^2  +  «i  =  4  (Rg  +  r^  r^  sin^  ». 
„       120jo      310      9p2       ,  /120p      21^\       21jB 

.-.2x12x3x2^+^-^^^=  261x21  sin^  0. 

sin  d  =  -2885. 

6  =  16f°  nearly  =  -292  radian. 
Hence,     Arc  of  approach  =  a  =  2  rj  ^ 

„  =  2  X  -J-?  X  -292  =  -976  p,  nearly. 

Had  we  neglected  3^  in  this  above  solution,  and  taken  the  ap- 
proximate formulae  (III),  we  would  have  got : — 

sin  f  =  -0638,  instead  of  -0652. 

Now  the  difference  in  those  two  angles  is  only  about  5  minutes, 
the  first  sine  corresponding  to  an  angle  of  3°  39',  the  second  corre- 
sponding to  an  angle  of  3°  44'. 

Again,  the  exact  value  of  5  is  16°  46',  while  the  approximate 
value  (neglecting  3^)  would  be  16°  42'. 

Had  we,  therefore,  assumed  the  approximate  formulae  the  results 
would  practically  not  have  been  different  from  what  we  have  just 
obtained. 

Example  II. — In  Example  I.,  find  the  addenda,  when  the  area 
of  approach  and  recess  are  each  equal  to  half  the  pitch. 

Answer. — Here, 


a  =  /3  =  2^?. 

ire  get: — 

0         " 

\' 

X 

2r2       ^ 

21  » 

21 

2 

4* 
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^°  =  Jf><  1^^  =  8=34'. 


sin  6  =  -149. 


1 


And  from  II,  e  =  ^; —  =  — =  -^- 

^      2ri       ^       UOp       120- 
2  X  — j 

4  •ff 

*        180 
P   =  T20  ^  V  =  1  ^0- 
Or,  sin  <p  =   0262. 

Hence,  taking  the  approximate  formulse  (III),  we  get : — 
«!  =  2  n  +  ^  )  rj  sin2  p 

•'  =  20'"il)^'^  -0262^=  05 p 
Similarly,  ^2=  2(l  +  ^)»*2  sin^  t. 

In  this  example  we  might  have  further  simplified  our  calcula- 
tions by  writing  sin  6  =  i  and  sin  p  =  p,  since  these  angles  are 
very  small.  Doing  this  and  combining  equations  (I)  and  (II),  we 
get  the  following  approximate  formulse  : — 

Substituting  for  a,  ^,  Rj,  Ej,  rj,  r^,  we  get": — 

which  are  exactly  the  same  results  as  before. 

Diameter  of  Generating  Circle. — We  have  already  had  instances 
of  the  eflfects  produced  on  the  form  of  cyloidal  teeth,  by  the  size 
of  tiie  generating  circle  employed.     We  have  seen  that  if  the  size 


(IX) 
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of  the  generating  circle  be  half  that  of  the  pitch  circle  inside  which 
it  rolls,  the  flanks  of  the  teeth  so  described  are  radial.  If  the 
generating  circle  be  larger  than  this,  the  flanks  described  by  it 
will  be  undercut  and  com- 
paratively weak  at  the 
roots.  The  accompanying 
figure  illustrates  the  in- 
fluence of  the  size  of  the 
generating  circle  on  the 
form  of  the  teeth.  The 
flanks  of  the  teeth.  A,  B, 
and  C,  are  described  by 
generating  circles,  having 
respectively  diameters  less 
than,  equal  to,  and  greater 
than  the  radius  of  the 
pitch  circle.  From  these 
figures  it  is  evident  that 
the  generating  circle  em- 
ployed in  describing  the 
flanks  of  the  teeth  on  a 
wheel  should  never  have 
a  diameter  greater  than 
half  that  of  the  pitch  circle 
of  the  wheel. 

If  a  set  of  wheels,  such  as  the  change  wheels  for  a  screw- 
cutting  lathe,  have  to  gear  together  in  different  arrangements,  it  is 
clear  that  the  same  generating  circle  must  be  used  for  describing 
both  faces  and  flanks  of  the  teeth  of  every  wheel  in  the  set.  This 
being  the  case,  it  follows  from  what  has  been  said  above  that  the 
diameter  of  the  generating  circle  employed  in  describing  the  faces 
and  flanks  of  the  teeth  of  a  set  of  wheels  must  not  be  greater 
than  half  that  of  the  pitch  circle  of  the  smallest  wheel  in  the  set, 
otherwise  the  flanks  of  the  teeth  on  the  smallest  wheel  woidd  be 
undercut  and  weak  at  the  roots.*  Since  it  is  desirable  to  have  as 
large  a  generating  circle  as  possible,  it  is  usual  to  construct  the 
teeth  on  the  smallest  wheal  with  radial  flanks.  The  size  of  the 
generating  circle  must  then  have  a  diameter  equal  to  the  radius  of 
the  smallest  wheel  in  the  set. 

Least  Number  of  Cycloidal  Teeth  to  be  placed  upon  a  Wheel. — 
It  has  been  pointed  out,  that  with  any  pair  of  wheels  gearing 
together,  there  should  never  be  fewer  than  two  pairs  of  consecutive 

*  Cases  are  not  wanting  where  the  flanks  have  been  described  by  a 
generating  circle  larger  than  the  radius  of  the  pitch  circle ;  but  in  such 
cases  fillets  are  made  at  the  roots  in  order  to  strengthen  the  teeth. 


B 

Intlubnce  or  Sizb   op  Generatino 
Circle  on  the  Form  or  Teeth. 
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teeth  in  action  at  any  time,  and,  further,  that  the  maximum 
obliquity  of  reaction  should  never  exceed  30°,  in  the  case  oi 
cycloidal  teeth.  These  conditions  being  premised,  it  is  easy  to 
determine  the  least  number  of  teeth  which  must  be  placed  upon 
the  smallest  wheel  of  a  set. 

Let  A  be  the  centre  of  the  pitch  circle  of  the  smallest  wheel  in 
the  set ;  G  the  generating  circle,  the  diameter  of  which  is  half  that 
of  pitch  circle,  A. 

Let  contact  between  a  pair  of  teeth  begin  at  a,  then  .^:^ap  N 
=  30°.  When  one  pair  of  teeth  are  in  contact  at  a,  the  preceding 
consecutive  pair  will  be  in  contact  at  the  pitch  point,  p.  Make 
arc  p  e  =  arc  p  a.  Then  in  this  case,  pe  is  the  arc  of  approach, 
and  is  equal  to  the  pitch  of  the  teeth.     Join  A  e.     This  line  will 


Least  Number  of  Cycloidal  Teeth  on  a  Wheel. 

pass  through  the  point  a ;  hence,  it  is  easy  to  see  that  „^  p  Ke 
=  .^aplSi  =  30°.     We  then  get  :— 

Arc  p  e  =  arc  of  30°  on  pitch  circle  A, 

„       =  T?  °^  circumference  of  pitch  circle  A. 
But  arc  pe  =  pitch  of  teeth, 
.•.     Pitch  of  teeth  =  ^  of  circumference  of  pitch  circle  A, 

i.e,  the  least  number  of  teeth  on  the  smallest  wheel  of  a  set  must 
be  12. 

In  a  similar  way,  it  can  be  shown  that  the  least  number  of  pins 
to  be  placed  upon  a  pin  or  lantern  wheel  is  6. 

Cycloidal  Teeth  for  Wheels  with  Internal  Contact Let  A  be 

the  centre  of  an  internal  toothed  wheel ;  B  the  centre  of  a  pinion 
gearing  with  wheel  A.  The  faces  of  the  teeth  on  A  and  the  flanks 
of  the  teeth  on  B  are  described  by  the  same  generating  circle,  Gj, 
while  the  flanks  of  the  teeth  on  A  and  the  faces  of  the  teeth  on  B 
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are  described  by  the  generating  circle  G,.  Since  the /aces  of  the 
teeth  on  an  internal  t-oothed  wheel  lie  inside  the  pitch  surface, 
and  the  flanks  outside  the  pitch  sur&ce,  it  is  clear  that  the  curves 
for  the  former  are  arcs  of  hypocycloids  obtained  by  roUing  G^  inside 
the  pitch  circle  A,  while  the  curves  for  the  flanks  are  epicycloids 
obtained  by  rolling  Gj  outside  the  pitch  circle  A.  Hence,  the 
curves  for  the  faces  of  the  teeth  on  A  and  the  flanks  of  the  teeth 
on  B  are  hypocycloids,  while  the  curves  for  the  flanks  of  the  teeth 
on  A  and  the  fkces  of  the  teeth  on  B  are  epicycloids.     The  size  of 


ymuowEB 

Ctcloidal  Teeth  fob  Wheels  with  Internal  Contact. 

generating  circle,  Gj,  must  not  exceed  half  that  of  pitch  circle  of 
the  pinion,  B,  otherwise  the  roots  of  the  teeth  on  the  pinion 
will  be  undercut  and  weak.  The  size  of  generating  circle,  G^ 
may  be  anything  we  like,  since  the  curves  described  by  it  on  both 
pitch  circles  are  epicycloids. 

Path  of  Contact  with  Internal  Gearing Let  PC,  AdC,  and 

E,  0,  with  the  suffixes  A  and  B,  denote  the  pitch,  addendum, 
and  root  circles  of  wheels  A  and  B  respectively.  Let  the  pinion 
be  the  driver.  Contact  between  a  pair  of  teeth  begins  at  a,  the 
point  of  intersection  of  circles  Gj  and  Ad  C^,  and  terminates  at  h, 
the  point  of  intersection  of  circles  Gj  and  Ad  C^;  aphis,  there- 
fore, the  path  of  contact.  If  the  annular  wheel  were  the  driver, 
then  the  curve,  a^  p  6j,  would  represent  the  path  of  contact, 
the  direction  of  motion  being  the  same  as  before.  The  student 
should  experience  little  difficulty  in  applying  all  the  preceding 
principles  to  internal  toothed  gearing  if  he  has  followed  intelli- 
gently what  has  already  been  said  regarding  wheels  with  external 
contact. 

Formulae  for  Length  of  Teeth  of  Internal  Gearing. — The  stndent 
should  now  prove  the  following  formula  for  internal  gearing,  the 
method  of  arriving  at  the  results  being  similar  to  that  previously 
given. 
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(1)  W/ien  the  Pinion  is  the  Driver. 
I'or  Pinion :—  2  Rj  ^j  +  5?  =  4  (Rj  +  r^)  /-j  sin^  p 
And,  2  ri  ?)  =  /3. 

For  Annular  Wheel,   2  Rg  ^2  -  S^  =  4  (Rj  -  /-g)  r^  sin^  i 
And,  2^2^  =  «• 

(2)  When  the  Pinion  is  the  Follower. 
For  Pinion :—  2  R^  S.^  +  5^  =  4  (R2  +  Tg)  ^2  sin^ « 
And,  2  A"2  ^  =  a. 

For  Annular  Wheel,    2  Rj  S^  -  3?  =  4  (Rj  -  r^)  rj  sin^  p 

And,  2  rj  p  =  A 

The  various  symbols  have  the  same  meanings  as  before. 


Annular  Wheel  and  Pinion  with  Ctcloidal  Teeth. 
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Lectttee  XII. — Questions. 


1  Distinguish  between  the  terms  arc  of  approach  or  recess  and  path  of 
approach  or  recess.  Given  the  pitch  circles  of  a  pair  of  wheels,  sizes  of 
generating  circles,  and  arcs  of  approach  and  recess,  show  by  a  construction 
how  to  set  out  the  path  of  contact. 

2.  Upon  what  principle  are  teeth  of  wheels  of  the  epicycloidal  and  hypo- 
cycloidal  form  constructed  ?  Show  under  what  conditions  they  will  work 
properly.  What  is  to  be  done  in  order  that  any  wheels  of  a  set  may  work 
accurately  together  ? 

3.  In  the  consideration  of  the  form  suitable  for  the  teeth  of  spur  wheels, 
state: — (a)  What  geometrical  condition  should  be  satisfied  as  to  the  position 
of  the  common  normal  at  the  point  of  contact  of  two  teeth,  and  explain 
why  that  condition  should  be  satisfied;  (6)  within  what  limits  it  is  desirable 
to  keep  the  obliquity  of  the  line  of  action  of  the  pressure  between  two  teeth, 
and  why  within  those  limits  ;  (c)  the  least  number  of  pairs  of  teeth  which 
it  is  desirable  should  be  engaged  at  the  same  time.  Explain  also  {d)  why 
it  is  undesirable  that  the  action  between  two  teeth  should  extend  far  from 
the  pitch  point.  By  a  graphical  construction,  determine  the  arc  of  action, 
and  the  greatest  obliqmty  of  the  line  of  action  of  a  pair  of  cycloidal  teeth, 
according  to  the  following  data,  and  state  how  many  pairs  of  teeth  will  be 
in  action  at  the  same  time : — Pitch  of  teeth  =  2  inches  ;  number  of  teeth  in 
wheels  =  .30  and  50 ;  diameter  of  rolling  or  describing  circles  =  8|  inches ; 
addenda  of  teeth  =  f  inch.     Ans.  4  inches ;  13"5°  ;  3. 

4.  Show  by  construction  how  you  would  determine  the  correct  form  for 
the  teeth  of  a  spur  wheel  4  feet  in  diameter.  The  diameter  of  the  smallest 
wheel  in  the  train  being  8  inches,  what  sized  rolling  circle  would  you  use  ! 
^718.  4  inches. 

5.  A  pair  of  wheels  have  25  and  130  cycloidal  teeth  respectively.  Find 
the  addendum  of  each  wheel,  that  the  arcs  of  approach  and  recess  may  each 
be  equal  to  the  pitch,  the  flanks  being  radial.     Ans.  '17  p;  '28  p. 

6.  The  diameter  of  the  pitch  circle  of  an  annular  wheel  by  means  of 
which  a  water-wheel  communicates  motion  to  a  mill  is  to  differ  as  little  as 
possible  from  24  feet.  The  pitch  of  the  teeth  is  to  be  4  inches.  Find  actual 
diameter  and  number  of  teeth.  If  the  velocity  of  the  periphery  be  5J  feet 
per  second,  and  the  pinion  in  gear  with  the  wheel  is  required  to  make  30 
revolutions  per  minute,  find  the  necessary  diameter  of  the  pinion  and  the 
number  of  teeth.  Again,  if  both  faces  and  flanks  of  all  the  teeth  be  de- 
scribed by  a  constant  generating  circle  12  inches  in  diameter,  find  the  arcs 
of  approach  and  recess,  the  addendum  of  both  wheels  being  1^  inches. 
Ans.  23-98  ft.;  226  teeth;  3  5  ft.;  33  teeth;  a  =  3-42  ins.;  0  =  3-96  ins. 


A.M.IKST.C.E.    EXAM.    QUESTIONS.  255 


Lecture  XII.— A. M.Inst. C.E.  Exam.  Questions. 

1.  What  is  meant  by  a  "set"  of  oyoloidal-toothed  wheels?  Under  what 
circumstances  are  the  flanks  of  oyoloidal  teeth  straight?  (I.U.E. ,  Feb. ,  1898. ) 

2.  How  do  we  find  the  shape  of  a  tooth  which  will  gear  with  a  given 
tooth?    Prove  the  truth  of  your  rule.     (I.C.E.,  Oct.,  1898.) 

3.  Select  either  the  involute  or  cycloidal  form  of  tooth  for  a  spur  wheel, 
and  show  that  it  satisfies  the  required  geometrical  condition.  Point  out 
on  a  diagram  the  "  path  of  the  point  of  contact,"  and  explain  how  the  two 
ends  of  the  path  are  determined.     (I.O.E.,  Oct.,  1904.) 
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Contents. — Involute  Teeth — Size  of  Base  Circle  to  be  employed — Length 
of  Involute  Teeth  for  given  Arcs  of  Approach  and  Reoeas— Calculation 
of  the  Length  of  Involute  Teeth — Least  Number  of  Involute  Teeth  to  be 
placed  upon  a  Wheel — Rack  and  Pinion  with  Involute  Teeth — Wheels 
with  Involute  Teeth  and  Internal  Contact— Calculations  for  Involute 
Teeth  with  Internal  Contact — Examples  I.  and  II, — Bevel  Wheels — 
Teeth  of  Bevel  Wheels — Mortice  Wheels — Machine  Cut  Gearing — 
Spur  Gear  Cutting  Machine — Correct  Form  of  Bevel  Wheel  Teeth — 
Gibson's  Bevel  Wheel  Cutting  Machine  —  Bevel  Wheel  Cutting 
Machine — Worm  Wheels — Worm  Wheel  Cutting  Machine — Small 
Wheel  Cutting  Machine — Rawhide  Pinions — Questions. 

Involute  Teeth. — In  a  previous  Lecture  we  have  shown  that 
an  involute  curve  is  a  particular  case  of  an  epicycloid,  and  with 
those  particular  conditions  we  have  had  instances  of  teeth  with 
involute  faces.  But  no  case  has  yet  been  considered  wherein  both 
faces  and  flanks  are  involute  in  form.  Involute  teeth — i.e.,  those 
forms  of  teeth  whose  faces  and  flanks  are  described  by  involutes  of 
circles — possess  certain  peculiar  properties,  and  on  that  account 
may  be  studied  as  a  class  independent  of  all  other  forms. 

In  this  Lecture,  we  shall  first  show  that  the  involute  form  of 
tooth  satisfies  all  the  primary  conditions  for  correct  working,  and 
we  shall  thereafter  explain  its  unique  properties. 

In  order  to  properly  understand  what  follows,  we  shall  first 
explain  how  an  involute  curve  can  be  drawn. 

Let  C  represent  the  centre  of  a  thin  pulley  with  a  fine  string 
wound  round  its  circumference.     Fix  a  sheet  of  drawing  paper  to 

one   of   the    faces   of  the 

JE_=, 5"      pulley,  and  tie  a  pencil,  P, 

to  the  free  end  of  the 
string.  By  keeping  the 
string  taut  and  unwind- 
ing it  from  the  pulley,  the 
pencil  at  P  will  trace  on 
the  drawing  paper  the  in- 
volute, A  P. 

Por  our  present  purpose 
it  is  much  better  to  con- 
ceive the  curve  described 
in  the  following  manner  : — 

Let  the  pulley  and  its  attached  paper  be  capable  of,  turning 
round  C  as  an  axis.  Take  hold  of  the  pencil,  P,  and  pull 
it  along  the  straight  line,  B  P.     By  this  means  the  pulley  and 

P  17 


How  TO  Trace  an  Involute  .CtrRVE. 
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paper  will  be  made  to  rotate  about  C,  while  the  pencil  will  trace 
out  the  involute,  A  P,  on  the  moving  paper  just  as  before. 
Similarly,  if  the  string  be  wound  on  to  the  pulley,  by  rotating  the 
pulley  and  the  paper,  the  pencil  will  retrace  the  curve  P  A,  if  P 
be  made  to  move  in  the  direction,  P  B. 

The  circle  of  which  the  curve  is  the  involute  is  called  the  base 
circle. 

In  the  next  figure,  let  the  dotted  circles  represent  the  pitch 
circles  of  a  pair  of  wheels  in  gear. 

With  A  and  B  as  centres, 
describe  the  circles  C  a  E, 
D  6  P,  of  such  sizes  that 

AO  :BD  =  A;>:B;>. 

These  are  the  base  circles 
for  the  pair  of  wheels. 

Now  imagine  these  base 
circles  to  represent  pulleys 
over  which  a  crossed  string, 
C  D  F  E,  is  stretched.  Then, 
clearly,  the  motion  trans- 
mitted by  means  of  these 
pulleys  and  the  crossed 
string  will  be  identically 
the  same  as  that  obtained 
by  the  rolling  of  the  pitch 
circles. 

Suppose  a  sheet  of  paper 
to  be  fixed  to  pulley,  A, 
and  capable  of  rotating 
with  it.  Then  a  pencil,  P, 
anywhere    on    the    string, 

C  D,  will,  during  rotation  in  the  direction  shown,  describe  the 
involute,  a  P,  on  the  rotating  paper.  The  curve,  a  P,  is  an 
involute  to  the  base  circle,  C  a  E.  Similarly,  by  supposing  a 
sheet  of  paper  to  have  been  fixed  to  pulley,  B,  the  pencil 
would  have,  simultaneously  described  the  involute,  h  P,  to  the  base 
circle,  D  6  F. 

The  two  involutes,  a  P,  6  P,  being  simultaneously  described 
by  the  tracing  point,  P,  will  always  be  in  contact  at  that  point, 
and  have  a  common  normal,  C  D.  The  locus  of  P  is  0  D,  and 
therefore  the  common  normal  always  passes  through  the  pitch 
point,  p.  Hence  the  principal  condition  for  the  curves  of  all 
properly-constructed  teetih  is  satisfied  by  involutes  traced  iii  the 
3,bove  manner. 


Tracikg  the  Curves  for  Ikvoldik 
Teeth. 
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By  fixing  a  pencil  to  the  string,  E  F,  and  proceeding  as  before, 
the  curves  for  the  opposite  working  surfaces  of  the  teeth  can  be 
drawn. 

To  complete  the  curves  representing  the  working  surfaces  of  the 
teeth,  it  is  only  necessary  to  describe  the  addendum  and  root 
circles ;  the  parts  of  the  involutes  intercepted  between  these  circles 
will  represent  the  acting  surfaces  of  the  complete  teeth. 

The  following  properties  of  involute  teeth  should  be  noted  : — 

(1)  Both  face  and  flanh  of  am  involute  tooth  form  one  continuous 
curve. 

On  this  account  it  will  be  much  easier  to  set  out  the  curves  for 
involute  teeth  than  for  cycloidal  teeth,  since,  in  the  latter,  the 
curves  for  face  and  flank  are  always  of  opposite  convexity. 

(2)  With  involute  teeth  the  centres  of  the  wheds  can  he  pushed 
further  apart  or  brought  closer  together  without  affecting  their 
velocity-ratio  or  smoothness  of  action. 

This  is  a  most  valuable  and  unique  property  of  such  teeth. 
The  reasons  for  this  property  will  be  apparent  from  an  inspection 
of  the  previous  figure.  Pushing  the  wheels  further  apart,  or 
bringing  them  closer  together,  alters  the  sizes  of  the  pitch  circles 
without  altering  their  ratio,  but  does  not  alter  the  sizes  of 
the  base  circles,  and,  therefore,  does  not  affiect  the  curvature  of 
the  involutes.  It  does,  however,  affect  the  direction  of  the  normal 
thrust  between  the  teeth.  The  direction  of  this  thrust  is  always 
along  the  common  tangent  to  the  base  circles.  More  will  be  said 
about  this  immediately. 

(3)  All  wheels  with  involute  teeth  of  equal  pitch  and  obliquity  of 
action  work  accurately  with  each  other. 

The  reasons  for  this  will  also  be  apparent  from  what  has  just 
been  said. 

From  the  above  properties  it  will  be  seen,  that  involute  teeth 
are  singularly  well  suited  for  most  purposes,  and  in  our  opinion  it 
would  be  well  if  engineers  would  universally  adopt  this  form,  and 
thus  save  endless  expense  and  trouble  in  patterns,  &c.  As  matters 
now  stand,  each  maker  of  toothed  wheels  has  his  own  method 
of  constructing  the  teeth  ;  the  result  being,  that  the  wheels  of 
one  maker  will  not  work  correctly,  nor  approximately  correct, 
with  those  of  equal  pitch  by  other  makers.  The  same  state  of 
afiairs  with  regard  to  screw  threads  existed  prior  to  the  estab- 
lishment of  a  standard  thread  by  the  late  Sir  Joseph  Whitworth. 
At  that  time,  if  the  nut  of  a  bolt  were  lost,  it  was  ten  chances 
to  one  if  another  could  be  found  to  fit  it,  with  the  result  that 
many  good  bolts  had  to  be  thrown  into  the  scrap  heap  for  want  of 
nuts.  The  nuts,  too,  were  of  all  sizes,  even  for  the  same  size 
of  bolt,  and  as  a  consequence  every  fitter  had  to  be  supplied 
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with  a  multitude  ot  spanners  whenever  he  had  a  series  of  bolts  to 
deal  witL 

One  objection  which  has  been  urged  by  some  engineers  against 
involute  teeth  is  the  normal  thrust  between  the  teeth,  which  is 
always  constant  in  direction,  and,  being  oblique  to  the  common 
tangent  at  the  pitch  point, 
tends  to  push  the  wheels 
out  of  gear.  We  are  of 
opinion,  however,  that  too 
much  importance  has  been 
attached  to  this;  for,  if 
the  obliquity  of  reaction 
be  kept  less  than  15°,  no 
very  serious  results  will 
follow.  With  cycloidal 
teeth,  the  obliquity  of  re- 
action varies  from  zero, 
when  the  pair  of  teeth  are 
in  contact  at  the  pitch 
point,  to  a  maximum,  when 
the  teeth  are  just  begin- 
ning or  just  ending  con- 
tact. 

Size  of  Base  Circle  to 
be  employed. — We  have 
shown  that  the  line  of 
action  of  a  pair  of  involute 
teeth  in  contact  is  always 
along  a  common  tangent  g^^s  or  Base  Circle  for  Invohjtb 
to  the  base  circles.     The  Teeth. 

direction   of   the    mutual 
thrust,  or,  in  other  words,  the  obliquity  of  reaction,  is  constant. 

Let         R  =  Thrust  between  a  pair  of  teeth  in  contact. 

,,  6  =  Obliquity  of  reaction  =  ..s^^Dp'N. 

„    Ej  Rj  *  -Radii  of  pitch  circles,  A  and  B. 

"       ^1  '^2  ~        "        base  „  ,, 

Then,  Component  of  R,  along  M  N  =  R  cos  6. 

Component  of  R  along  A  B    =  R  sin  ^. 

The  former  of  these  represents  the  eflFective  pressure  causing 
motion,  while  the  latter  tends  to  throw  the  wheels  out  of  gear,  and 
has,  therefore,  to  be  resisted  by  the  bearings  at  A  and  B.  To 
reduce  this  separating  force  to  a  minimum,  6  must  be  made  as 
small  as  possible.     In  practice,  6  never  exceeds  14^°  or  10°, 


LENGTH  OP  INVOLUTE  TEETH. 


261 


Taking  i  at  15°,  we  can  easily  calculate  the  size  of  base  circle 
for  any  given  size  of  pitch  circle. 

Referring  to  the  above  figure,  ive  see  that : — ■ 


Hence, 


But, 


-p  KG  =  ^^pBB  =  i. 

j"]^  =  Rj  cos  6. 
r^  =  Rg  cos  i. 


cos  d 


63 


cos  15°  =  -966  or  ^^,  nearly. 


Ti  =  ■966  Ej 


63  p 
65  ^1' 

63 


(I) 


Or,     Diameter  of  base  circle  =  ^  (diameter  of  pitch  circle). 

Length  of  Involute  Teeth  for  given  Arcs  of  Approach  and 
Recess — With  involute  teeth  the  path  of  contact  is  a  straight 
line,  which  is  a  tangent  to  the  base  circles.  In  the  accompanying 
figure  (which  is  much  exaggerated  for  the  sake  of  clearness)  three 
pairs  of  teeth  are  shown  in  contact.    One  pair  is  beginning  contact 


Length  or  Involute  Teeth  tor  oivbn  Arcs  or  Approach 
AND  Recess. 

at  0,  a  second  pair  is  in  contact  at  the  pitch  point,  p,  while  the 
third  pair  is  terminating  contact  at  D.  Contact  cannot  commence 
before  0,  nor  be  carried  beyond  D.  If,  therefore,  the  maximum 
length  of  contact  be  utilised,  then  the  addendum  circles  for  A  and 
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B  must  be  drawn  through  the  points  D  and  C  respectively.  After 
allowing  for  bottom  clearance,  the  root  circles,  R  Cji,  E  0^,  can 
be  drawn. 

From  the  figure  it  will  be  seen,  that  the  root  circles  fall  inside 
the  base  circles  and  are  concentric  with  them.  Now  the  curves 
forming  the  working  surfaces  of  the  teeth,  being  involutes  of 
the  base  circles,  do  not  pass  beyond  those  base  circles,  and  con- 
sequently those  parts  of  the  roots  of  the  teeth  lying  between  the 
base  and  root  circles  must  be  formed  by  some  line  straight  or 
curved.  Since,  however,  those  parts  are  not  portions  of  the 
working  surfaces  they  are  usually  made  straight  and  radial. 

If  arc  ep  =  arc  gp  =  arc  of  approach,  and  arc  pf=  arc  ph 
=  arc  of  recess,  then,  manifestly,  «,  f,  g,  and  h  are  points  of  inter- 
section of  the  curves  of  the  teeth  with  the  pitch  circles. 

We  are  now  able  to  find 
the  addenda  of  the  teeth 
for  given  arcs  of  approach 
and  recess ;  or  conversely, 
to  find  the  arcs  of  approach 
and  recess  when  the  ad- 
denda of  the  teeth  are 
given. 

Draw  the  pitch  circles 
for  the  two  wheels. 
Through  p  draw  the  line 
of  mutual  pressure,  C  D, 
making  an  angle,  6,  with 
M  N.  As  already  ex- 
plained, 6  should  not  ex- 
ceed 15°.  With  A  and 
B  as  centres  draw  the  base 
circles  tangential  to  C  D. 
Along  pitch  circle  A  set 
ofi'  arc  p  e  equal  to  given 
arc  of  approach,  and  on 
pitch  circle  B  set  off  arc  p  h 
equal  to  given  arc  of  re- 
cess. Join  A  e,  B  A.  These 
radii  cut  the  base  circles 

at  c  and  d  respectively.  Then  arc  c  m  is  the  arc  turned  through 
by  base  circle,  A,  during  approach,  while  arc  »i  c^  is  the  arc  turned 
through  by  base  circle,  B,  during  recess. 

Along  C  D  set  off  ;j  a  =  arc  c  m,  and  pb  =  arc  d  n.  Then  the 
straight  line  ap  6  is  the  path  of  contact. 

Through  h  and  a  draw  the  addendum  circles  as  shown.  After 
allowing  for  clearance  the  root  circles  can  be  drawn  in. 


To  Find  the  Addenda  of 
Involute  Teeth. 
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The  solution  of  the  converse  proposition  should  not  present 
much  difficulty  to  the  student. 

Calculation  ot  the  Length  of  Involute  Teeth.— Suppose  wheel  A 
to  be  the  driver." 

Let  Rj,  Rj  —  Radii  of  pitch  circles  of  wheel  A  and  B. 
Mj,  n^  —  Number  of  teeth  on  „  „ 

p  =  Pitch  of  teeth. 
Sj,  ^2  =  Addenda  of  teeth  on  A  and  B. 
a,  /3  =  Arcs  of  approach  and  recess  respectively. 
6  =  Obliquity  of  mutual  pressure. 

Referring  to  the  previous  figure^  join  A  to  b,*  then,  A  6  C  is  a 
right-angled  triangle. 

A  62  =  A  02  +  0  62. 
But,  A  6  =  Rj  +  5i, 

A  C  =  Kj  cos  6, 

And,  06  =  Gp  +  pb  =  B.^Bin  ^  +  pb.. 

Now,  pb  =  path  of  recess 

„    =  arc  nd  oi  base  circle  B. 

Arc  n  d       Radius  of  base  circle  B 
'  Arc  p  h  ~  Radius  of  pitch  circle  B  ~ 

AvQtid  =  /3  cos  6. 

Qh  =  Rj  sm  6  +  ^  cos  6. 

(Rj  +  5i)2  =  R^  cos2  tf  +  (Rj  sin  tf  +  /3  cos  Sf- 

2  Rj  Sj  +  5^  =  2  Rj  |8  sin  tf  cos  tf  +  ,82  cos2  6 

„  =  Rj  /3  sin  2  tf  +  /32  cos2  6. 

Or,  2  Ej  Sj  +  3?  =  (Rj  Sin  2  ^  +  /3  cos2  S)^  \ 

Similarly,  2  R^  5^  +  ^2  =  (^2  sin  2  tf  +  a  cos2  S)  a  ]    ' 

Generally  6  is  small  compared  with  R,  therefoi'e  we  may  neglect 
S^,  and  we  get  the  approximate  formulae  : — 


2  Rj  3i  =  (Rj  sin  2  tf  +  /3  cos2  6)  /3 
2  Rj  Sg  =  (Rj  sin  2  tf  +  a  cos2  6) 


"  }      •    (HI) 
a  J 


*  The  line  A  6  has  been  acoidently  omitted,  and  the  student  should  now 
draw  it  on  the  figure  before  proceeding  further. 
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Again,  since 


And, 


sin  2  ^  =  sin  30°  =  ^ 


^,  and  usually  /l=l&\ 


eos^  i  =  cos^  15° 


2  +  V5 


Making  these  substitutions  in  (III),  we  get : — 

2 


Similarly, 


Least  Number  of  In- 
volute Teeth  to  be  placed 
upon  a  Wheel. — Let  A  and 
B  be  the  centres  of  a  pair 
of  wheels  in  gear.  Set  out 
the  obliquity  line,  0  D, 
making  an  angle,  d,  with 
the  common  tangent,  M  N", 
to  the  pitch  circles.  Draw 
the  base  circles  tangential 
to  0  D.  Then  0  D  is  the 
maximum  length  of  path 
of  contact. 

Let  B  be  the  smaller 
wheel,  then  ^  D  is  less  than 
pC. 

Now,  in  order  that  there 
may  not  be  less  than  two 
pairs  of  teeth  in  contact 
at  any  instant,  it  is  clear 
that  if  one  pair  of  teeth 
be  just  ending  contact  at  D, 
another  pair  must  be  just 


To  Find  the  Least  Number  of 
Involute  Teeth  for  a  Wheel. 


RACK   AKD    tINlOtf   WitH   INVOLUTE   TEETH. 
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beginning  contact  at  some  point  near  0,  while  an  intermediate 
pair  is  in  contact  at  p. 

Let  r  =  Radius  of  base  circle  of  smaller  wheel  B. 
„    M  =  Least  number  of  teeth  on     „  „ 

Then  the  minimum  number  of  teeth  on  B  will  occur  when  the 
whole  path  ^  D  is  utilised  and  when  6  has  its  maximum  value. 

Hence,         n  x  pD  =  Circumference  of  base  circle  B  =  2  Tr. 
But,  pJ)  =  BB  ta,n  6  -  r  tan  i. 

n  r  tan  6  =  2  t  r. 

2ir 

n    =    r V. 

tan  6 
Since  i  must  not  exceed  15°,  we  get : — 
2  X  3-1416 


n  = 


•2679 


=  2345. 


i.e.,  The  least  number  of  involute  teeth  to  be  placed  upon  a  wheel 
is  24. 

Rack  and  Pinion  with  Involute  Teeth ^When  a  pinion  with 

involute  teeth  has  to  gear  with  a  rack,  then  the  teeth  of  the  latter 


Rack  and  Pinion  with  Involute  T^bth. 


must  also  be  involute.    Now,  the  pitch  circle  of  the  rack  is  infinite 
in  size,  hence  its  base  circle  is  also  infinite  in  size,  and,  therefore, 
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the  involute  ooi  responding  to  it  will  be  a  straight  line.  Hence, 
the  face  and  flank  of  a  tooth  on  the  rack  will  be  a  straight 
line. 

Since  the  working  surface  of  the  teeth  during  contact  must  be 
perpendicular  to  the  line  of  obliquity ;  and,  since  this  line  makes 
an  angle  of  about  15°  with  the  common  tangent  to  the  pitch 
circles,  it  follows  that  the  working  surfaces  of  the  teeth  on  the 
rack  (being  straight)  make  constant  angles  of  75°  with  this 
common  tangent.  And  clearly,  in  the  case  of  a  rack  and  pinion, 
the  common  tangent  coincides  with  the  pitch  line  of  the  rack. 

The  previous  figure  represents  a  rack  and  pinion  with  in- 
volute teeth. 

Wheels  with  Involute  Teeth  and  Internal  Contact. — Draw  the 
pitch  circles  of  the  annular  wheel,  A,  and  its  pinion,  B.  Let  M  N 
be  the  common  tangent  to 
the  pitch  circles  at  the  pitch 
point,  p.  Through  p  draw 
the  obliquity  line,  C  /)  E, 
making  an  angle,  t,  with 
MN. 

From  A  and  B  draw  the 
perpendiculars  AC,  B  D 
upon  C  E.  These  are  radii 
of  the  base  circles  for  wheels 
A  and  B  respectively. 

Next  draw  in  the  ad- 
dendum circles  for  the  two 
wheels  as  indicated.  Let 
these  circles  intersect  the 
obliquity  line  in  the  points 
a  and  b  respectively.  Then, 
for  the  direction  of  motion 
shown  in  the  figure,  a  h  will 
be  the  path  of  contact,  ap  the  path  of  approach,  and  ph  the  path 
of  recess. 

The  preceding  principles  for  wheels  with  external  contact  apply 
equally  to  the  case  of  wheels  with  internal  contact,  so  that  the 
student  should  not  experience  much  difficulty  in  applying  them. 
He  should,  however,  note  that  the  base  circle  for  the  annular 
wheel  must  be  less  than  its  addendum  circle,  which,  in  this  case, 
is  inside  the  pitch  circle. 

Calculations  for  Involute  Teeth  with  Internal  Contact. — The 
student  should  now  prove  the  following  formulae  for  internal 
gearing,  the  method  of  arriving  at  the  results  being  similar  to 
that  previously  given. 


Wheels  with  Involute  Teeth 
AND  Internal  Contact. 


CALCDLATIONS  FOR  INVOLUTE  TEETH  WITH  INTERNAL  CONTACT.  26? 

Let  the  symbols  with  the  suffixes  1  and  2  refer  to  the  driver 
and  follower  respectively.     Then  :^- 

(1)  When  the  Pinion  is  the  Driver. 

2  Rj  3j  +  aj  =  (Rj  sin  2  tf  +  /3  cos^  6)  ^  \  yy. 

2  Rj  ^2  -  ^2  =  (R2  sin  2  tf  -  a  cos^  ff)  a  S 

(2)  When  the  Annular   Wheel  is  the  Driver. 

2  Rj  81  -  5J  =  (R^  sin  2  tf  -  /3  cos^  6)?  \  /y  v 

2R232  +  8|  =  (R2sin2^  +  acos2^)a  j     '     '     '    ^    "' 
The  approximate  formulae  corresponding  to  these  are  : — 


(VI) 


(y\a) 


The  student  should  also  notice  that  the  formulae  for  internal 
gearing  are  at  once  deduced  from  those  for  external  gearing  by 
considering  the  radius  of  the  annular  wheel  as  negative. 

Example  I. — A  pair  of  wheels  with  involute  teeth  have  30  and 
1 20  teeth  respectively.  The  addendum  to  each  wheel  is  ^  pitch. 
Find  the  lengths  of  the  arcs  of  approach  and  recess,  supposing  the 
obliquity  to  be  15°,  and  the  small  wheel  the  driver. 

Answer. — Here  Wj  =  30;  Wj  =  120;  h^  =  6^  =  ^^p. 

From  equation  (IV),  we  get : — 

h 


10 
a2  +  lOpa  -  12 p^  =  0. 


\i       n^  pj 
3  (\         3  a  \ 

10^  =  U  *  120^/  "• 


-10±  ^10^  +  4x12  ...     , 

a.  = ^'—a p  =\  08/).* 

i.e.,        Arc  of  approach  =  1-08  x  pitch. 

•  The  positive  sign  for  the  radical  must  be  taken,  since  neither  a  nor  ^ 
can  be  negative. 
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Again, 
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2,82  +  5/y/3 


3 

10  P 
6jo2  =  0, 


^       -5  ±^5^  + 4x2x6  „^^     ^ 

-3  = ^^2 V  =  -885  p  • 

i.e.,  Arc  of  Recess  =  -SSS  x  pitch. 

Example  II. — Witli  the  same  sizes  of  wheels  as  in  last  example, 
find  the  addenda  of  the  wheels,  the  arcs  of  approach  and  recess 
being  each  |  of  the  pitch. 

Answer. — Here  a  =  @  =  ^  p. 
From  equation  (IV),  we  get : — 

^  "^  '^)  X  aJO=  -295  X  pitch. 


30  p 


Again,  ^2  =  (  4 

Bevel  Wheels.  —  The  teeth  on  bevel  wheels  are  constructed 
upon  precisely  the  same  principles  as  those  on  spur  wheels.  In 
the  case  of  bevel  wheels,  however,  the  pitch  surfaces  are  conical. 


120 


i^)x 
P   / 


p  ^  -237  X  pitch. 


Mbthod  of  Sbtting  out  the  Pitch  Cones  for  Bevel  Wheels. 

*  The  positive  sign  for  the  radical  must  be  taken,  since  neither  a  nor  /3 
OMi  bo  negative. 
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and  on  this  account  it  becomes  necessary  to  give  a  brief  description 
of  the  application  of  the  preceding  principles  to  such  cases.  In 
the  first  place  -we  shall  explain  how  to  set  out  the  pitch  cones  for 
a  pair  of  bevel  wheels  whose  angular  velocity-ratio  is  given. 

Two  principal  cases  are  shown  by  the  foregoing  figure — (1) 
when  the  axes  of  the  shafts  intersect  at  right  angles,  and  (2)  when 
they  intersect  at  an  acute  angle.  The  letters  on  the  two  diagrams 
are  so  arranged  that  the  following  description  is  applicable  to  both.  . 

Let  O  be  the  intersection  of  the  axes,  O  A,  0  B,  of  the  shafts. 
Suppose  the  angular  velocity-ratio  to  be  2  :  3  ;  i.e.,  let : — 

ATigular  velocity  of  shaft,  0  A  :  Angular  velocity  of  shaft,  0  B  =  2  :  3. 

When  the  size  of  one  of  the  wheels  is  given,  that  of  the  other 
wheel  can  be  found  in  the  usual  way  when  the  angular  velocity- 
ratio  is  known.     Thus  : — 

Diameter  of  wheel  on  shaft,  O  A  :  Diameter  )  _  o  .  o 
of  wheel  on  shaft,  OB  )  ~     '    ' 

With  centre,  O,  draw  two  circles  of  diameters  equal  or  propor- 
tional to  those  of  the  wheels.  From  the  larger  circle  draw  the 
tangents,  P  D,  G  C,  parallel  to  the  axis,  O  A ;  and  from  the 
smaller  circle  draw  the  tangents,  H  0,  K  E,  parallel  to  the  axis, 
O  B.  The  tangents,  G  C,  H  C,  intersect  at  C.  The  line,  O  0,  is 
then  the  line  of  contact  of  the  two  pitch  cones.  By  drawing  0  D 
and  CE  perpendicular  to  the  axes,  OA,  OB,  respectively,  and 
meeting  the  tangents,  P  D,  K  E,  in  the  points,  D  and  E,  and  by 
joining  O  D,  O  E  we  get  the  complete  pitch  cones,  COD,  0  0  E. 
In  practice,  frusta  only  of  the  pitch  cones  are  used.  These  are 
shown  by  full  lines  on  the  figures. 

Another  method  of  setting  out  the  pitch  cones  is  as  follows  : — 
Along  the  axes,  0  A,  OB,  measure  off  distances,  OH,  O  G,  re- 
spectively proportional  to  the  angular  velocities  of  the  shafts,  O  A 
and  O  B  ;  i.e.,  in  this  particular  case,  let  O  H  :  O  G  =  2  :  3. 
Complete  the  parallelogram,  O  H  C  G  ;  then  the  diagonal,  O  C,  is 
the  line  of  contact  of  the  pitch  cones  as  before.  The  pitch 
cones  can  then  be  completed  by  making  ,^  A  0  D  =  ^^  A  0  0, 
and  .^:i B O E  =  .^r: BOO.  The  remainder  of  the  construction 
is  obvious. 

Teeth  of  Bevel  Wheels. — We  shall  now  give  a  brief  explanation 
of  the  usual  method  adopted  in  setting  out  the  teeth  for  a  pair  of 
bevel  wheels  in  gear.  Let  O  A,  OB  be  the  axes  of  the  shafts. 
Having  drawn  the  pitch  cones,  COD,  0  O  E,  draw  A  C  B  through 
C  perpendicular  to  the  line  of  contact,  O  C,  and  join  AD,  BE. 
Imagine  CAD,  C B E  to  be  conical  surfaces  whose  vertices  are 
A  and  B  respectively^.     Now,  if  we  further  imagine  these  conic^J 
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surfaces  developed — that  is,  flattened  out  into  circular  segments, 
A  0  M,  B  C  N — then  these  segments  would  roll,  without  slipping, 
upon  their  circular  edges,  CM,  ON,  during  the  rotation  of  the 
wheels.  Hence,  we  may  look  upon  ACM,  B C N  as  portions  of 
the  pitch  circles,  with  reference  to  which  the  outer  ends  of  the 
teeth  are  described.  On  these  virtual  pitch  circles  the  curves  for 
the  outer  ends  of  the  teeth  are  to  be  described  in  the  usual  way. 
The  teeth  may  be  either  cycloidal  or  involute.  From  the  figures 
it  will  be  seen  that  the  teeth  taper  towards  the  point,  0. 


Method  of  Setting  got  Curves  for  Teeth  on  Bevel  Wheels. 

In  a  similar  way  to  the  above  we  could  draw  the  virtual  pitch 
circles  for  the  inner  ends  of  the  conical  frusta,  and  then  construct 
the  curves  for  the  inner  ends  of  the  teeth.  These  inner  virtual 
pitch  circles  are  usually  drawn  concentric  with  the  outer  ones  as 
follows : — Let  0  G  be  the  breadth  of  the  face  of  the  wheels. 
Through  G-  draw  H  G-  K  perpendicular  to  O  G,  and  meeting  O  A 
in  H  and  O  B  in  K.  Then,  just  as  before,  H  G  and  K  G  are  the 
radii  of  the  virtual  pitch  circles  for  the  smaller  ends  of  the  frusta. 
It  is  more  convenient  to  draw  these  circles  about  A  and  B  as 
centres  than  about  H  and  K  as  centres.  Hence  project  G  on  to 
A  C  and  B  C,  by  drawing  G  A,  G  k  parallel  to  O  A  and  0  B  respec- 
tively. Then,  A  A  =  H  G,  and  B  A  =  K  G.  With  A  and  B  as 
centres,  draw  the  virtual  pitch  circles  hm,  kn.  The  curves  for 
the  inner  ends  of  the  teeth  are  set  out  on  these  virtual  pitch 
circles.  The  dimensions  of  the  teeth  on  hm,  kn  are  reduced  in 
the  proportion  A  /»  :  A  C,  or  B  A  :  B  C. 


MOllTICE   WHEELS. 
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,  Mortice  Wheels. — When  ordinary  toothed  wheels  are  run  at  a 
nigh  speed  their  mutual  actions  become  very  rough  and  noisy,  and 
severe  vibrations  are  usually  set  up.  To  obtain  a  smoother  and 
more  regular  action  the  method  is  sometimes  adopted  of  placing 
wooden  teeth  on  one  of  each  pair  of  wheels  in  gear.  These  wooden 
teeth,  or  "  cogs "  as  they  are  called,  are  morticed  into  the  iron 
rims  of  the  wheels,  and  hence  such  wheels  are  termed  mortice 
wheels.  The  action  of  mortice  wheels  is  very  smooth  and 
noiseless.  Some  of  the  common  methods  of  securing  the  cogs  to 
the  rims  are  shown  by  the  accompanying  figures.     In  the  upper 


Cross  Section  of  Wheel 
with  Single  Cage, 


Enlarged  Section 

of  Cog  with 
one-aided  Shoulder. 


Cross  Section  of  Wheel 
with  Double  Coge, 


MoETiCE  Wheels. 


figures  the  cogs  are  secured  by  pegs  or  pins  passing  through  the 
tenons  of  the  cogs  in  a  direction  parallel  to  their  length.  In 
the  lower  figures  they  are  shown  secured  by  dove-tailed  wooden 
keys  driven  into  correspondingly-shaped  grooves  at  the  projecting 
ends  of  the  tenons.  Double  cogs  are  sometimes  used  when  the 
wheels  are  very  broad ;  these  are  shown  by  the  cross  sectional 
views  on  the  right-hand  side.  The  cogs  are  usually  made  with 
side  shoulders,  as  shown  by  the  longitudinal  sections  of  the  rims 
of  the  wheels,  but  occasionally  there  is  only  one  side  shoulder,  as 
shown  by  the  lower  left-hand  figure. 

The  cogs  may  be  cycloidal  or  involute,  according  to  the  shape  of 
the  iron  teeth  in  gear  with  them,  and  are  usually  shaped  by  hand. 
To  prevent  undue  wear  of  the  cogs  by  the  iron  teeth,  it  is  usual 
to  "pitch"  and  "trim"  the  acting  surfaces  of  the  latter  by  care- 
fully chipping,  and  afterwards  filing,  them  to  a  high  degree  of 
smoothness.      With    machine-moulded    teeth,  which    are  much 
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smoother,  more  uniform  and  perfect  in  shape  than  those  cast 
from  a  pattern  in  the  ordinary  way,  it  is  sufficient  to  merely  file 
the  teeih  to  smoothness. 

The  cogs  are  made  of  hard,  tough  wood,  such  as  oak,  beech, 
hornbeam,  holly,  or  apple  tree.  Since  the  material  of  the  cogs  is 
softer  and  weaker  than  that  of  cast  iron,  it  follows,  as  a  matter  of 
economical  distribution  of  material,  that  the  thickness  of  the  cogs 
should  be  greater  than  that  of  the  iron  teeth.  The  following  are 
the  usual  proportions  for  the  teeth  of  mortice  gearing : — 

Thickness  of  wood  cogs  at  pitch  circle  =  0-60  x  pitch. 

„  iron  teeth  „  =  0-40  „ 

Height  of  teeth  above  „  =  0-25  „ 

Depth         „      below  „  =  0-30  „ 

From  these  proportions  it  will  be  seen  that  there  is  no  side 
clearance  between  the  teeth  when  new. 

Bevel  wheels  can  also  be  fitted  with  wooden  cogs,  which  are 
secured  to  the  rim  by  methods  similar  to  those  for  spur  wheels. 

Machine  Cut  Gearing. — As  we  have  seen,  one  of  the  first 
things  to  consider  in  designing  wheel  gearing,  is  the  precise 
form  of  the  teeth  to  be  employed ;  because,  upon  this  depends 
very  much  the  smooth  working  and  the  efficiency  of  the  gearing, 
since  all  toothed  gearing  must  slide  as  well  as  roll,  more  or  less, 
when  transmitting  motion  and  power.  When  two  cylinders 
the  axes  of  which  are  parallel  roll  on  each  other,  they  will  not 
transmit  rotary  motion  with  regularity,  unless  their  surfaces 
are  provided  with  teeth  meshing  with  each  other ;  and  these 
must  be  shaped  so  as  to  produce  the  same  uniformity  of  motion 
between  the  two  cylinders  as  would  be  transmitted  by  friction, 
without  slipping.  The  perfect  form  and  pitch  of  toothed  wheels 
cannot  be  easily  or  cheaply  obtained,  by  either  machine  moulding 
or  by  any  other  process  of  moulding  and  casting  the  same; 
because,  of  the  irregularities  which  naturally  arise  from  either 
the  warping  of  patterns,  the  distortion  of  the  mould,  or  the 
unequal  contraction  of  the  parts  of  the  wheel  casting,  when 
cooling.  Engineers  can  now,  however,  cut  the  teeth  of  wheels 
from  blank  castings  by  the  aid  of  machinery,  so  as  to  produce 
a  practically  perfect  and  highly  efficient  gearing.  The  teeth 
may  have  an  absolutely  correct  form,  and  thereby  fulfil  all  the 
requirements  of  smooth  and  positive  action.  The  Admiralty 
and  many  of  the  most  important  buyers  of  wheel  gearing  specify, 
that  the  "  teeth  of  all  wheels  be  machine  cut,  accurately  shaped 
and  well  fitted,  so  as  to  reduce  bi^cklash  to  a  minimum." 


SPUR   GEAR   CUTTING   MACHINE. 
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Spur  Gear  Cutting  Machine. — The  wheel,  W,  on  which  tho 
teeth  are  to  be  cut,  is  supported  on  the  spindle,  S.  This  spindle 
is  provided  at  its  further  end  with  a  worm  wheel,  which  is  called 
a  "dividing  wheel."  One  complete  turn  of  the  spindle,  S,  carries 
round  the  wheel,  W,  and  the  dividing  wheel  through  one  re- 
volution.    An  arrangement  of  change  wheels  gearing  with  the 


Fig.  1. — Spur  Gear  Cutting  Machine. 
(As  used  by  David  Brown  &  Sons,  Huddersfield). 

"  dividing  wheel "  gives  the  desired  pitch  of  teeth  on  the  wheel, 
W.  The  sliding  table,  T,  which  carries  the  cutter,  C,  has  a  slow 
forward  movement  during  the  operation  of  cutting  a  tooth  space, 
and  a  quick  return.  The  forward  feed  is  kept  .stationary  during 
the  short  time  that  the  wlieel,  W,  is  being  turned  through  the 

^  18 
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pitch  of  a  tooth,  before  the  next  space  is  begun  to  be  cut.  All 
these  operations  are  automatically  eflected  when  the  machine 
has  been  set  and  started  to  work. 

In  setting  out  a  pair  of  spur  wheels,  the  profile  of  the  tooth 
should  be  obtained  by  rolling  circles  in  the  usual  way,  and  then 
each  and  every  cut  made  parallel  to  the  axis  of  the  wheel  for 
the  whole  breadth  of  the  tooth. 

Correct  Form  of  Bevel  Wheel  Teeth.*— The  right  hand  of 
Fig.  5,  on  the  next  full-page  diagram  of  "  Gibson's  Machine  for 
Cutting  Teeth  of  Bevel  Wheels,"  gives  a  bird's-eye  view  of  the 
fessential  features  of  a  bevel  wheel  tooth.  Suppose  the  wheel 
blank,  W,  to  be  made  of  any  plastic,  easily-cut  material,  and  that 
a  "  space  template "  or  a  "  former,"  F  (same  as  11  on  Gibson's 
Machine),  is  mounted  at  a  convenient  distance  from  the  apex 
of  the  pitch  cone.  Then,  with  a  long,  thin,  rigid,  narrow, 
sharp  needle  or  knife,  K,  pivoted  at  the  apex  of  the  pitch  cone, 
and  having  the  other  end  guided  hard  over  the  enlarged  profile 
of  the  tooth,  F,  the  knife,  K,  would  sweep  out  from  the  blank 
a  perfect  bevel  wheel  space.  Every  peculiarity  of  the  profile  of 
the  "former,"  F,  would  thus  be  faithfully  reproduced  in  ever- 
decreasing  miniature  as  the  apex  or  pivot  is  approached.  By 
bringing  the  sides  of  this  "  space  template,"  F,  closer,  the 
pitch  of  the  tee^ih  could  be  reduced  to  suit  any  required  number 
of  teeth  in  a  wheel.  Compare  such  an  outline  of  a  perfect  bevel 
wheel  tooth  with  the  following  Figs.,  2  to  4.  Here  Fig.  2  shows 
properly  shaped  teeth,  but  Figs.  3  and  4  show  tooth  spaces  in 
bevel  wheels  cut  out  by  rotary  cutters,  whose  sides  are  radiused 
to  approximate  to  the  curves  of  face  and  fiank.  These  spaces 
are  gapped  out  by  "angling"  or  "wobbling"  the  wheel,  first  to 
one  side  and  then  to  the  other  of  the  middle  plane,  and  running 
the  cutter  through.  The  result  is  as  indicated,  viz.,  a  cycloidal 
tooth  at  the  outer  end,  merging  in  a  mongrel  involute  at  the 
other.  There  is  not  a  single  position  where  a  pair  of  teeth  bear 
evenly  along  their  whole  length. 

To  within  a  few  years  ago,  nearly  all  the  machine-cut  gears — 
more  especially  bevel  and  worm  gears — sufiered  from  the  most 
serious  defect,  that  the  teeth  were  not  properly  shaped.  We 
know,  that  the  contact  between  the  two  smooth  rolling  cones  is  a 
straight  line,  passing  through  their  common  apex.     Hence,  it 

*  I  am  indebted  to  "  The  Council  of  the  North-Eaat  Coast  Institution  of 
Engineers  and  Shipbuilders  "  for  their  kind  permission  to  reproduce  several 
figures,  and  make  extracts  here  from  a  paper  "  On  the  Machine  Cutting  of 
Accurate  Bevel  and  Worm  Gears,"  by  J.  H.  Gibson.  I  have  pleasure  in 
referring  students  who  desire  further  information  upon  the  subject  to  that 
paper  and  discussion.     See  Trans.,  vol.  xiii.,  1897. 
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Will  bfe  seen  that  the  cross-section  of  the  teeth  to  be  formed  for 
a  pair  of  perfect  bevel  gear  wheels,  must  uniformly  diminish 
towards  the  apex  of  their  pitch  cones.     Therefore,  by  assuming 


Fig.  2. — Representing  the  Correct  Meshing  amd 
Shape  of  Bevel  Wheel  Teeth  at  the  Front 
AND  Back  Ends  of  the  Wheels. 


FiG.  3.  Fig.  4. 

Showing  Correct  Form   of  Tooth  for  Back  End,  Fig.  3,  and  op 

NECESSITY    AN    INCORRECT    FORM    OF    ToOTH    FOR    THE    FrONT    END, 

Fig.  4,  when  shaped  throughout  the  Whole  Length  by  One 
Revolving,  Cutter, 
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the  curves  of  the  faces  and  the  flanks  to  be  arcs  of  circles,  the 
radii  at  the  inner  ends  of  their  teeth  arcs,  must  be  relatively 
shorter  than  at  their  outer  ends.  Too  often  the  faces  and  flanks 
are  struck  with  a  radios  to  suit  the  eye,  without  any  regard  to 
the  smooth  rolling  of  the  pitch  cones ;  and  the  pair  of  wheels 
"  mesh  "  aU  right,  being  machine  divided,  but  each  tooth  has  to 
be  eased  by  filing  until  they  gear  all  round,  as  shown  by  Pig.  4. 
The  bearing  part  between  a  pair  of  teeth  may  only  be  at  a  point, 
instead  of  having  a  good  bearing  surface  the  full  breadth  of  the 
teeth.  All  rotary  cutters  produce  the  same  defect,  for  they  cut 
both  ends  of  the  tooth  to  the  same  radius.  They  are  very 
expensive,  and  there  is  always  a  tendency  to  make  the  one 
cutter  come  in  for  quite  another  pitch,  slightly  more  or  less, 
irrespective  of  the  angle  of  the  wheel  or  of  the  ratio  of  the 
gearing.  It  is,  therefore,  practicaMy  impossible  to  cut  bevel  wheel 
teeth  correctly,  with  rota/ry  cutters. 

Gibson's  Bevel  Wheel  Catting  Machine. — We  shall  now  describe 
the  accompanying  three  illustrations  of  a  machine.  Fig.  5,  in 
which  it  wiU  be  observed,  that  the  true  principles  for  the  correct 
cutting  of  bevel  teeth  are  carried  out.     The  bevel  wheel  blank, 

I,  to  be  cut  is  mounted  on  a  mandril,  2,  one  end  of  which  pivots 
in  a  small  trunnion  bearing,  3,  at  the  apex  of  the  pitch  cone.  The 
other  end  is  capable  of  movement  in  a  vertical  plane,  and  can 
be  fixed  on  a  graduated  quadrant,  4,  at  any  required  angle. 
A  dividing  gear,  5,  turns  the  wheel  blank  into  successive  posi- 
tions for  cutting  the  required  number  of  teeth ;  and,  while  each 
tooth  is  being  cut,  a  pinching  screw,  6,  helps  the  dividing  wheel 
to  hold  the  wheel  blank,  1,  firmly  in  its  place.  A  slider  arm,  7, 
carrying  a  ram,  8,  and  a  tool  box,  9,  is  also  pivoted,  so  as  to  have 
a  universal  motion  about  the  apex  of  the  pitch  cone.  The  outer 
end  of  7  is  connected  to  the  feed  gear  and  carries  a  roller,  10, 
the  centre  of  which  is  constrained  to  trace  out  the  enlarged 
profile  of  tooth,  by  means  of  the  "  space  template  "  or  "  former," 

II,  feed  gear,  12,  and  spring,  13.  The  ram,  8,  must  be  set  so  as 
to  reciprocate  in  a  definite  line,  according  to  the  size  and  angle 
of  wheel  to  be  cut.  The  slot  bracket,  14,  is  pinched  to  8,  by 
bolts.  The  stroke  of  8,  can  be  varied  to  suit  the  breadth  of 
tooth,  by  altering  the  radius  of  crank  pin,  15.  The  tool  box,  9, 
is  capable  of  lateral  adjustment  by  the  screw,  17,  so  as  to  bring 
the  cutting  corner  of  the  tool,  18,  on  to  the  straight  line  joining 
the  centre  of  the  roller,  10,  to  the  apex  of  the  pitch  cone.  If 
the  left  side  of  a  space  is  to  be  cut,  the  roller  is  made  to  roll 
down  the  left-hand  profile  of  11,  and  the  left  corner  of  the  tool 
is  thus  brought  on  to  the  centre  line.  A  simple  depth  and  side 
gauge,  enables  the  corner  of  the  tool  to  be  set  with  ease  and 
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accuracy.  The  outer  end  of  the  slider  arm,  7,  terminates  in  a 
socket,  20,  and  engages  a  ball,  which  forms  one  piece  with  the 
feed  nut,  21.  To  the  upper  end  of  the  feed  nut  is  keyed  a 
ratchet  wheel,  22,  which  is  actuated  by  the  tappet  rod,  23. 
Thus,  by  simply  adjusting  the  tappets,  24,  any  desired  feed  can 
be  imparted  to  the  outer  end  of  the  slider  arm,  7,  by  the  motion  of 
the  ram,  8.  When  the  tool,  18,  reaches  the  root  of  the  tooth,  the 
pawl  engages  the  adjustable  rod,  25,  and  stops  the  feed.  Then, 
the  hand  wheel,  26,  enables  the  nut  to  be  brought  to  the  top  of 
the  feed  screw.  The  wheel  blank,  1,  is  then  turned  through 
another  pitch,  the  pawl  is  sprung  into  gear  with  the  ratchet,  22, 
and  the  next  tooth  is  operated  upon.  The  bottom  end  of  the 
feed  screw,  terminates  in  a  ball  and  socket  joint,  27.  This 
allows  the  feed  screw  to  accommodate  itself  to  any  position 
taken  up  by  the  end  of  slider  arm,  7.  The  "space  templates," 
11,  are  mounted  on  an  arc  plate,  28,  which  is  struck  from  the 
same  centre  as  the  development  of  the  pitch  circle,  29.  The 
templates,  11,  are  so  pitched,  that  the  distance  between 
them,  as  measured  on  the  template  pitch  line,  is  equal  to  "5  of 
the  pitch  +  the  diameter  of  the  roller  and  any  clearance,  say 
•01  inch.  The  templates  are  correct  for  the  same  angle  of 
wheel,  whatever  its  diameter  and  pitch  may  be,  provided  the 
same  generating  circles  are  used  to  roll  or  develop  these  curves. 
If  it  be  required  to  "  gap  out "  the  spaces  in  the  wheel  blank  by 
this  machine,  the  vertical  roller  guide,  30,  is  lifted  and  clamped 
in  position  by  the  set  bolts,  31,  The  gaps  are  then  cut  out  as 
shown  by  the  left-hand  space  below  the  End  Elevation  of 
Fig.  5.  The  width  of  the  tool  is  made  exactly  the  same  as 
the  root-space  at  its  inner  or  front  end.  It  is  found  to  be 
better,  as  a  rule,  to  cast  the  blank  wheel,  1,  with  gaps  of  the 
V  shape,  as  indicated  by  the  dotted  lines.  This  method,  con- 
sequently, leaves  the  machine  to  simply  shape  the  teeth,  as 
shown  by  the  central  part  of  this  figure.  The  finishing  cut 
to  the  teeth  is  shown  by  the  right-hand  part  of  the  same 
figure. 

Bevel  Wheel  Cutting  Machine. — A  wheel  is  supported  on  the 
spindle,  S,  which  is  provided  with  the  usual  dividing  wheel  and 
change  gears,  so  that  the  wheel,  W,  to  be  cut,  may  be  divided 
into  the  desired  number  of  teeth.  A  radial  arm,  B,  carries  a 
slide  with  the  cutting  tool,  C.  The  outer  end  of  this  arm  rests 
on  and  is  guided  by  the  "former,"  P,  and  being  set  to  the  proper 
pitch  angle  of  the  wheel  to  be  cut,  the  tool,  C,  describes  the 
tooth  curve  as  determined  by  the  "  former,"  P.  The  tooth  of 
the  wheel,  W,  is  therefore  a  reduced  facsimile  of  P,  with  a 
corresponding    reduction    of  any    error   in   the    "former,"   as 
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previously   explained    in    the    description    of    Fig.    ^,    Gibson's 
machine  for  cutting  the  correct  form  of  bevel  wheel  teeth. 

Worm  Wheels. — It  is  diificult  to  correctly  draw  a  worm 
wheel,  since  the  teeth  are  thinner  at  the  tips  than  at  their 
middle — more  especially  so  with  coarse  pitches.  Also,  the 
angle  of  the  teeth  are  greater  at  their  roots  than  at  their 
tips.  The  process  of  cutting  a  worm  wheel  will,  however,  be 
easily  understood  from  the  following  illustration  and  description. 


Ifio.  6. — Bevj!l  WiiKUL  Cutting  Machine. 
(As  iised  by   David  Brown  &  Sons,   Huddersfield. ) 

Worm  Wheel  Cutting  Machine. — The  wheel,  W,  to  be  cut  is 
supported  on  the  vertical  spindle,  S,  which  is  fixed  to  a  travelling 
table,  T.  The  hob  or  cutter,  C,  is  fixed  on  the  horizontal  spindle, 
B.  Both  spindles,  S  and  B,  are  connected  by  worm  and  spur 
gears  in  such  a  manner  that  the  cutter,  C,  makes  so  many 
revolutions  while  the  wheel,  W,  makes  one  revolution.  In  fact, 
just  in  the  same  way  as  the  worm  in  the  finished  gearing  will 
do,  when  turning  the  wheel  through  one  revolution.  The  worm 
or  cutter,  C,  travels  in  a  tangential  direction  relatively  to  the 
worm  wheel,  W,  and  cuts  teeth  thereon  just  like  a  screw  tap. 
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The  machine  works  automatically  when  set  and  started.  This 
plan  of  using  a  solid  hob  formed  from  tool  steel,  having  one 
complete  thread  and  three  to  four  roughing  threads,  is  preferable 
to  that  of  using  simply  a  single  cutting  tool;  because,  the  latter 
has  a  great  tendency  to  "spring"  whilst  cutting,  and  thus  leave 
the  work  with  an  imperfect  finish,  or  take  much  longer  time  to 
accomplish. 


Fig.  7. — Worm  Wheel  Cutting  Machine. 
(As  used  by   David  Brown  &  Sons,   Huddersfield. ) 


Small  Wheel  Cutting  Machine.^As  a  final  illustration  upon 
this  subject,  there  is  shown,  by  Fig.  8,  a  handy  machine  for 
cutting  comparatively  small,  straight,  bevel,  or  helical  gears, 
with  a  steel  division  plate  for  wheels  up  to  6  inches  diameter. 
The  machine  may  also  be  fitted  with  a  rack-cutting  attachment 
for  taking  in  blanks  up  to  13  inches  in  length.  This  machine 
is  more  suitable  for  the  lighter  class  of  wheel  cutting,  as  carried 
out  by  opticians,  instrument  makers,  and  mechanicians  generally, 
than  those  previously  described  for  the  heavier  types  of  wheels 
used  by  engineers. 
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E"id.  6.  —Small  Wheel  Cutting  Machine. 
(By  Grimshaw  &  Baxter,  Loudon.) 


Rawhide  Pinions. — Wiien  freedom  from  noise  is  desirable,  it 
is  found  that  this  may  be  attained  by  making  the  smaller  of 
each  gearing  pair  of  rawhide.     As   may  be   seen  from  Fig.  1, 


Fig.  1. — EouGH  Rawhide  Blank.      Fig.  2. — Flangjsd  Kawhide  Blakk. 
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these  pinions  are  built. up  of  washers  from  a  numher  of  cut 
rawhides,  with  thin  glue  between  them.  The  built  up  blank 
is  then  subjected  to  very  great  hydraulic  pressure,  to  squeeze 
out  all  superfluous  glue,  and  the  pressure  is  maintained  for 
some  considerable  time.  They  are  afterwards  allowed  to  dry 
thoroughly.  Two  gun-metal  plates  of  sufficient  thickness  and 
diameter  form  the  end  flanges  to  the  blanks,  and   these  are 


Fig.  3.— Finished  Rawhide  Pinion. 

firmly  connected  with  each  other  and  the  hide  by  riveted  or 
screwed  bolts,  as  shown  by  Fig.  2.  These  flanged  blanks  are 
then  bored,  faced,  turned,  and  keyed  before  the  teeth  are  cut  in 
the  manner  previously  described,  and  as  shown  by  the  finished 
pinion  in  Fig.  3.  Bevel  pinions  are  also  made  in  this  manner 
by  David  Brown  &  Sons,  of  Huddersfield,  to  whom  we  are 
indebted  for  these  figures. 
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Lecture  XIII.— Questions. 

1.  A  pair  of  wheels  have  25  and  130  involute  teeth  respectively.  The 
addenda  of  the  teeth  in  both  oases  is  ^  the  pitch.  Find  the  lengths  of  the 
arcs  of  approach  and  recess,  assuming  the  obliquity  to  be  15  ,  and  the 
larger  wheel  the  driver.     Arts,  a  =  -925  p;  /3  =  1-19  p. 

2.  Prove  the  formulae  for  the  addenda  of  involute  teeth  in  terms  of  the 
arcs  of  approach  and  recess,  &c.  Hence  show  that,  if  the  arcs  of  approach 
and  recess  are  each  equal  to  the  pitch,  the  addenda  should  be  calculated 

from  the  formula: — Addendum=  I  -  +—  J  x  pitch,  where  n  represents  the 

number  of  teeth  on  wheel. 

3.  What  are  bevel  wheels?  Two  axes  intersect  at  an  angle  of  60°,  and 
it  is  required  to  connect  them  by  bevel  gearing,  so  that  their  angular  velo- 
cities shall  be  as  3  -^  2.     Construct  the  pitch  cones  of  the  bevel  wheels. 

4.  Under  what  conditions  will  two  cones  roll  together  ?  Motion  is  to  be 
communicated  between  two  shafts  inclined  at  an  angle  of  90°,  and  one  is 
to  make  three  rotations  while  the  other  makes  four.  Set  out  the  pitch 
cones  in  a  diagram,  marking  dimensions. 

5.  Two  shafts  intersecting  at  right  angles  are  connected  by  bevel  wheels 
with  22  and  44  teeth  respectively,  of  1  inch  pitch.  Draw,  to  a  scale  of  j, 
the  pitch  surfaces  of  the  wheels,  and  find  the  development  of  the  conical 
surfaces  on  which  the  shape  of  the  ends  of  the  teeth  are  set  out.  Having 
given  the  shape  of  the  end  of  a  tooth,  explain  how  the  shape  of  the  surface 
of  the  tooth  is  determined. 

6.  Draw  the  pitch  cones  for  two  bevel  wheels  in  gear,  having  60  and  45 
teeth  respectively  with  2^  inches  pitch,  measured  at  larger  end  of  conical 
frustum,  the  shafts  to  make  an  angle  of  60°  with  each  other.  Explain  fully 
the  method  adopted  by  engineers  in  setting  out  the  teeth  for  a  pair  of  bevel 
wheels,  by  applying  it  to  the  example  given. 

7.  Sketch  to  scale  a  pair  of  bevel  wheels  in  gear  with  each  other,  the 
gearing  ratio  to  be  3  to  1,  the  mean  pitch  to  be  1|  inches,  and  the  number 
of  teeth  in  the  smaller  wheel  to  be  16.  Make  sufficient  sketches  to  show 
the  construction  of  the  wheels  and  the  shape  of  the  teeth  fully.  -  Given  the 
shape  of  the  tooth  of  a  rack  in  a  set  of  interchangeable  wheels,  show  how 
to  develop  by  graphic  construction  the  proper  shape  of  tooth  for  a  wheei 
of  any  given  number  of  teeth. 

8.  Distinguish  between  a  bevel  wheel,  a  mitre  wheel,  and  a  mortice 
wheel.  Draw  a  section  of  two  mitre  wheels  in  gear.  Sketch  a  mortice 
tooth  for  (1)  a  spur  wheel,  (2)  a  bevel  wheel,  and  describe  with  sketches 
two  methods  of  fixing  it  in  position. 

9.  Give  two  views  of  a  tooth  of  a  mortice  spur  wheel,  showing  how  it  is 
fitted  into  the  rim  of  the  wheel  and  held  in  position.  Under  what  circum- 
stances would  you  use  mortice  wheels  ? 
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Lbctoeb  XIII. — A.M.INST.C.E.  Exam.  Questions. 

1.  A  bevel  wheel,  making  93  revolutions  per  minute,  and  having  40  teeth, 
2-inoh  pituh,  5-inch  face,  drives  a  mortice  wheel  at  120  revolutions  a 
minute ;  sketch  the  wheels  in  section  roughly  correct  as  to  the  scales  of 
the  various  parts.     (I.C.E.,  Feb.,  1899.) 

2.  Select  either  the  involute  or  cycloidal  form  of  tooth  for  a  spur  wheel, 
and  show  that  it  satisfies  the  required  geometrical  condition.  Point  out 
on  a  diagram  the  "  path  of  the  point  of  contact,"  and  explain  how  the  two 
ends  of  the  path  are  determined.     (I.C.E.,  Oct.,  1904.) 

3.  What  are  the  chief  peculiarities  of  involute  teeth  ?  Explain  how  to 
set  out  an  involute  tooth,  and  sketch  one  in  roughly  to  scale  suitable  for  a 
wheel  with  thirty  teeth  of  4-inch  pitch.     (I.C.E.,  Oct.,  1906.) 

4.  Explain  the  relative  advantages  of  involute  and  cycloidal  teeth  for 
wheels.  Show  how  to  construct  the  cycloidal  teeth  for  a  pair  of  wheels 
6  inches  and  14  inches  in  diameter,  sketching  one  tooth  in  position. 

{I.C.E.,  Oct..  1903.) 
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Contents.— Friction  of  Toothed  Gearing— The  Principle  of  Combined  Rota- 
tions—Example I.— Strength  of  Wheel  Teeth— Case  I.— Strength  of 
leeth  when  Contact  between  the  Various  Pairs  of  Teeth  in  Gear  is 
Perfect— Case  11.— Strength  of  Teeth  when  Contact  is  Imperfect- 
Breadth  of  Wheel  Teeth— Example  II.— Flanged  or  Shrouded  Teeth— 
Hooke's  Stepped  Gearing— Helical  Gearing— Double  Helical  Wheels— 
Wiist  Double  Helical  Gear — Questions. 

Friction  of  Toothed  Gearing. — The  action  between  a  pair  of 
teetli  in  contact  is  partly  rolling  and  partly  sliding,  but  the  fric- 
tioual  resistance  of  the  former  is  small  compared  with  that  of  the 
latter,  and  may,  therefore,  be  conveniently  neglected.  The  sliding 
between  a  pair  of  teeth  takes  place  in  a  direction  perpendicular  to 
the  common  normal  at  their  point  of  contact,  and  in  order  to  find 
its  amount  we  require  to  know  the  relative  motion  of  the  teeth  in 
this  direction.  We  proceed,  in  the  first  place,  to  determine  this 
relative  motion  of  the  teeth,  and  in  doing  so  shall  make  use  of : — 
The  Principle  of  Combined  Rotations. — Let  A  and  B  be  the 
centres  of  two  spur  wheels  in  gear,  p  being  the  pitch  point. 

Let  Rj,  Rj  =  Radii  of  wheels  A  and  B. 


=  Angular  velocities  of  A  and  B. 


To  Illustkatjs  the  Princtple  or  Combined  Rotations. 
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The  wheels  will  rotate  in  the  opposite  or  in  the  same  direction, 
according  as  the  contact  is  external  or  internal.  It  is  convenient 
to  indicate  this  distinction  by  the  sign  attached  to  u.  Thus,  in 
the  case  of  external  contact,  let  the  angular  velocities  be  +  aj  and 
-  Mg ;  for  internal  contact,  let  these  quantities  be  +  Wj  and  +  u^. 

The  relative  angular  velocities  of  wheels  A  and  B  will  not  be 
altered,  if  to  each  we  impart  an  equal  angular  velocity.  Thus, 
suppose  each  of  the  wheels  in  external  contact  receives  an  angular 
velocity  +  u^  about  the  axis,  B.  Then  the  angular  velocity  of 
B  will  be  Uj  ca^  =  0 ;  i.e.,  it  will  be  at  rest.  The  wheel  A 
will  be  rotating  about  B  with  angular  velocity,  Wg,  and  about  its 
own  axis  with  angular  velocity,  w^.  Hence,  the  resultant  angular 
velocity  of  wheel  A  is  (wj  +  w^)  about  some  axis  which  we  are 
about  to  determine.  During  the  rotation  of  the  wheel  A  about  B, 
that  line  on  A,  which  is,  for  the  instant,  in  contact  with  B,  is  at 
rest.  At  that  instant,  the  wheel  A  is  rotating  about  this  line  as 
an  instantaneous  axis.  Clearly,  this  instantaneous  axis  passes 
through  the  pitch  point,  p,  and  is  parallel  to  the  axis  of  A  or  B. 
Hence,  at  a  given  instant  any  point,  P,  on  wheel  A  is  rotating 
about  the  axis  through  _p,  with  an  angular  velocity  (wj  +  aij). 

By  similar  reasoning,  if  each  of  the  wheels  in  internal  contact 
receive  an  angular  -  u^,  then  wheel  B  will  be  brought  to  rest, 
and  any  point  on  wheel  A  will  be  rotating  about  the  instantaneous 
J,xis  through  p,  with  an  angular  velocity  (aij  -  a^). 

If,  then,  P  be  a  point  of  contact  between  a  pair  of  teeth,  P  jo  is 
the  direction  of  the  common  normal  to  the  two  teeth  at  that  point, 
and  the  velocity  of  P  perpendicular  to  P/i  is  the  velocity  of  sliding 
between  the  teeth. 

Let  V  =  Velocity  of  pitch  circles. 

„      V  =  Velocity  of  P  perpendicular  to  T?  p. 

,,      r  =  Distance  of  P  from  pitch  point,  p. 

Then,  from  what  has  been  demonstrated  above,  we  get : 

Or,  V  =  (wj  +  aij)  r,  for  external  gearing, 

„  =  (tuj      u.2)r,    „    internal       „ 
But,  V  =  o/j  Rj,  =  wj  Rj. 


^-  {^±i}'-^- 


Let  arc  p  P  be  denoted  by  x,  and  suppose  the  wheels  to  receive 
a  small  circular  displacement,  dx,  as  measured  t^long  the  pitch 
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circles.  During  this  diaplacement,  let  ds  represent  the  distance 
through  which  the  teeth  slide  on  one  another. 

Then,  ds  =  vdt  =  j^  ±  ^\  rY dt, 

We  may  take  r  as  being  approximately  constant,  since,  for  a  small 
movement  d  s,  at  right  angles  to  p  P,  it  does  not  perceptibly 
change. 

Let  P„  =  Normal  pressure  between  the  teeth. 

„       fi  =  Coefficient  of  friction. 

„    a,  /3  =  Length  of  arcs  of  approach  and  recess  respectively. 

Theii,Work  lasting 
friction     during  i=  fn'Pnds. 
displacement,  dx,j 

>•.  Total  work  losfj 

!.\'S£"'^",=w-{^.4J{/>-"'-/>-'"}m 

contact  J 

Tlie  law  according  to  which  P„  varies  is  not  definitely  known, 
being  dependent  upon  the  number  of  teeth  in  contact,  the  state  of 
the  teeth,  and  other  causes.  Its  magnitude  njay  not  vary  much, 
and  probably  has  a  mean  value  somewhere  between  ^  P  and  P, 
where  P  denotes  the  driving  or  tangential  force  at  the  pitch 
circles  of  the  wheels; 

Taking  Pn  =  f  P,  which  is  qiiite  a  legitimate  assumption,  and 
putting  chord  pF  =  arc  p  P,  or  r  =  x,  we  get  the  following 
approximate  equations  I — 

Let  Nj,  Nj  =  Number  of  teeth  on  wheels  A  and  B  respectively. 
„  ,p  =  Pitch  of  teeth. 

Then,'     W  =  |.^P{^±^}^^ (Ila) 


w  =  ^., 
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If,  further,  we  suppose  the  arcs  of  approach  and  recess  each 
equal  to  the  pitch,  we  get : — 

-'^^l^^F,}" ™ 

From  these  equations,  we  learn  that  the  greater  the  number  of 
teeth  (i.e.,  the  smaller  the  pitch),  and  the  shorter  the  arcs  of 
approach  and  recess,  the  smaller  is  the  loss  due  to  friction. 

The  above  results  are  equally  true  for  bevel  gearing. 

The  loss  due  to  the  friction  of  toothed  gearing  is  usually  very 
small,  being  about  3  per  cent.  It  has  been  stated  by  some 
authorities  that  the  friction  during  approach  is  gi-eater  than  that 
during  recess.  This  explains  why,  in  some  kinds  of  wheelwork 
(such  as  in  watches  and  clocks),  the  teeth  are  shaped  so  that  there 
is  no  arc  of  approach. 

Example  I. — In  a  pair  of  spur  wheels  with  external  contact, 
the  number  of  teeth  on  the  wheels  is  30  and  70  respectively. 
Assuming  the  arcs  of  approach  and  recess  each  equal  to  the  pitch 
of  the  teeth,  and  taking  the  coefficient  of  friction  at  -1,  find  the 
efficiency  of  the  gearing. 

Answer. — The  work  lost  by  friction  during  the  action  between 
one  pair  of  teeth  is  given  by  equation  (II  i, ),  viz. : — 

The  total  work  expended  during  the  same  action  (arc  of 
approach  +  arc  of  recess)  is : — 

Wt  =  P„  (arc  of  approach  +  arc  of  recess) 

.  Useful  work  done 

"^         "  ~  Total  work  expended 

_  Wt     w  _  ,  _  w^ 

°°  ^  "    7    ^  10  (  70  "^  30 )  ■ 

Or,    EfBciency  =  1  -   015  =  -985,  or,  98-5  per  cent. 

This  example  serves  to  show  how  small  is  the  loss  due  to  the 
friction  of  the  teeth  of  wheels. 
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Strength  of  Wheel  Teeth. — The  power  which  can  be  transmitted 
by  toothed  gearing  depends  upon  the  circumferential  speed  of  the 
wheels  and  the  strength  of  the  teeth.     Thus  : — 

Let  H.P.  =  Horse-power  transmitted. 
„  P  =  Tangential  pressure  in  lbs.  at  pitch  circle. 

„         V  =  Velocity  in  feet  per  minute  at  pitch  circle. 

Then,  H.P.  =  3|^0 ("I) 

We  now  proceed  to  determine  P  in  terms  of  the  dimensions  of 
the  teeth,  &c. 

The  strength  of  a  tooth  depends  upon  the  manner  in  which  the 
pressure  on  that  tooth  is  distributed,  and  this  latter  depends  upon 
the  accuracy  with  which  the  wheels  are  made  and  adjusted  in 
gear.  Two  cases  occur,  according  as  the  contact  between  a 
pair  of  teeth  is  perfect  or  imperfect.  We  shall  consider  these  cases 
separately. 

Case  I. — Strength  of  Teeth  when  Contact  between  the  Various 
Pairs  of  Teeth  in  Gear  is  Perfect. — When  the  wheels  are  accurately 
adjusted  in  gear,  and  the  teeth  well  formed,  any  pair  of  teeth  should 
be  in  contact  along  a  line  across  the  breadth  of  the  teeth.  In  such 
a  case  the  mutual  pressure  between  the  teeth  will  probably  be 
uniformly  distributed  along  that  line.  Let  this  line  be  taken  at 
the  end  or  point  of  the  tooth  which  we  are  about  to  consider,  so 
that  the  bending,  moment  due  to  the  distributed  pressure  may  be 
a  maximum.  We  may  also  neglect  the  curved  form  of  the  tooth, 
and  assume  it  to  be  a  rectangular  block  fixed  to  the  rim  of  the 
wheel.  It  may  then  be  looked  upon  as  a  short  beam  fixed  at  one 
end  (the  root)  and  loaded  uniformly  along  a  transverse  line  at  the 
other  or  free  end. 

Let       P„  =  Total  pressure  acting  on  the  tooth. 
,,     b,  I,  t  =  Breadth,  length,  and  thickness  of  the  tooth. 
„  /  =  Safe  stress  for  the  material. 

If  the  material  of  the  tooth  be  of  uniform  strength  throughout, 
then  the  tendency  of  P„  will  be  to  break  the  tooth  along  the  root 
EFGH. 

The  bending  moment  at  section  E  F  G  H  is,  B.M.  =  P„  I. 

The  resisting  moment  ofiered  by  the  material  at  section  EFGH 
is : — 

5  19 
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KM.  =  ~b  <?-f. 


^^l  =  -.ht^f. 


Or, 


-.4C/)/ 


Now,  the  magnitude  of  P„  is  not  exactly  known ;  but,  if  there 
are  never  fewer  than  two  pairs  of  teeth  in  contact  at  once,  it  seems 

2 
quite  a  fair  assumption  to  take  P„  =  „  P.     Hence  : — 


-\m' 


(IV) 


Usually  the  dimensions  of  a  tooth  are  stated  in  terms  of  the 
pitch  of  the  teeth,  and  the  ordinary  proportions  for  new  teeth 
were  stated  at  the  beginning  of  Lecture  XI.,  Vol.  V.  Making 
an  allowance  for  wear,  we  may  take  : — 

I  =  -7  p  for  iron  teeth.  t  =  -36  p  for  iron  teeth. 

I  =  -Gp  for  wooden  teeth.         t  =  -id  p  for  wooden  teeth. 

The  breadth,  b,  varies  considerably,  the  average  being,  b  =  2-5  p. 
In  the  meantime,  denote  the  breadth  by  np.  Making  these  sub- 
stitutions in  equation  (IV),  we  get : — 


P  =  0-0463  n  p^f,  for  iron  teeth       \ 
P  =  0-0844  n  p^f,  for  wooden  teeth  j 


(V) 


Illustkatino  Distkibuted 
Pbessure  on  Tooth. 


Illustkatino  Concentrated 
Pressure  on  Tooth. 


From  these  equations  we  see  that  the  driving /orce,  P,  varies  as 
the  square  of  the  pitch  of  the  teeth. 
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By  substituting  these  values  for  P  in  equation  (III),  the 
maximum  H.P.  transmitted  can  be  obtained. 

Case  II. — Strength  of  Teeth  when  Contact  is  Imperfect. — 
When  the  wheels  are  badly  adjusted  in  gear,  or  the  teeth  badly 
shaped,  contact  between  the  latter  will  most  likely  be  very 
imperfect.  Instead  of  the  teeth  bearing  along  a  line,  as  in  the 
case  just  considered,  they  may  bear  at  a  few  points,  or  perhaps  at 
one  point  only.  This  state  of  affairs  may  be  caused  by  one  or 
more  of  the  following  defects  : — (1)  in  spur  gearing,  the  shafts  may 
not  be  strictly  parallel ;  or,  in  bevel  gearing,  the  shafts  may  not  be 
coplanar — i.e.,  in  the  same  plane.  Although  these  defects  may 
not  exist  when  the  gearing  is  newly  erected,  the  subsequent  wear 
of  the  shaft  bearings  may  ultimately  bring  about  this  state  of 
affairs.  (2)  The  severe  stresses  to  which  the  parts  of  the  gearing 
(especially  at  the  shaft  supports)  are  sometimes  subjected  cause 
imperfect  contact  between  the  teeth.  (3)  The  teeth  may  have 
been  badly  shaped  to  begin  with.  With  wheels  which  have  been 
moulded  from  a  pattern  in  the  ordinary  way,  the  teeth  are  slightly 
tapered  across  their  breadth,  caused  by  the  pattern  which  ia 
purposely  made  thus  to  allow  its  being  withdrawn  from  the  mould 
Hence,  care  is  needed  in  the  erection  of  such  wheels,  to  see  that 
they  are  so  placed  that  the  thick  parts  of  the  teeth  on  the  one 
come  in  contact  with  the  thin  parts  of  the  teeth  on  the  other. 
Attention  to  this  rule  is  not  always  given.  This  defect  does  not 
exist  with  machine-moulded  or  machine-cut  teeth. 

The  worst,  and  most  likely,  case  occurs  when  the  one  tooth 
presses  upon  a  corner  of  the  other.  We  shall,  therefore,  consider 
this  case. 

Let  P„  act  at  the  corner  A.  Then  its  tendency  is  to  break 
off  a  triangular  portion,  E  A  K,  along  a  section,  E  K  L  H,  passing 
through  E  H. 

Let  6  =  angle  A  E  K.     Draw  A  M  perpendicular  to  E  K. 

Then  bending  moment  about  section,  E  K  L  H,  is  : — 

B.M.  =  P„  X  AM  =  Fnlsind. 
Resisting  moment  of  material  at  section,  E  K  L  H,  is  : — 

R.M.  =  ^.  E  K  .  <V  =  g--  ^sec  tf .  fif. 
.*.  glaeoi  .  fif  =  P„  I  sin  d 

/  =  ^-|^.sin2tf. 
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This  gives  the  stress  in  the  material  along  the  section,  E  K  L  H, 
in  terms  of  P„,  and  will  be  a  maximum  when  6  =  45°,  or  sin 
2  tf  =  1.  Hence,  P„  tends  to  break  off  the  portion,  E  AK,  along 
a  plane,  E  K  L  H,  inclined  at  an  angle  of  45°  with  E  A  or  E  Pj 

Or,  putting  P„  =  |P,  we  get  :-P  =  |-.  t^f-     ....  (VI) 

This  equation  shows  that  in  this  case  P  is  independent  of  the 
breadth  and  length  of  the  tooth. 

Substituting  for  t  its  value  in  terms  of  the  pitch,  p,  we  get : — 

P  =  0-065  p^f,  for  iron   teeth  1  ,.^j. 

P=0100/j2/,     „  wooden,,    /       •     •     •     ^^ii; 

Equations  (VII)  again  show  that  the  driving  force,  P,  varies  aa 
the  square  of  the  pitch  of  the  teeth. 

From  what  has  been  said  above  regarding  the  uncertainty  of 
the  distribution  of  the  pressure  on  the  teeth,  it  wUl  be  evident 
that  the  results  expressed  by  equations  (VII)  should  be  taken  in 
the  design  of  wheel  teeth. 

Hence,  combining  equations  (III)  and  (VII)  we  get  the  follow- 
ing : — "Worvl  the  teeth  of  different  wheels  are  proportioned 
according  to  the  same  rules,  the  power  which  they  are  capable 
of  transmitting  is  proportional  to  the  pitch  circle  velocity  and  to 
the  square  of  the  pitch  of  the  teeth. 

Or,  H.P  oc  V/i«, 

The  value  of  f  in  equations  (VII)  varies  according  to  circum- 
stances. In  machinery  subjected  to  shocks,  vibrations,  or  sudden 
reversals  (as  in  pumping  and  rolling-mill  gears)  a  larger  factor  of 
safety,  and,  therefore,  a  smaller  value  of  f  must  be  employed, 
than  in  those  other  cases  (such  as  hand-worked  or  slow  moving 
machinery),  which  are  not  so  severely  stressed.  The  following 
average  values  for  y  are  given  by  Prof.  Unwin  : — 

Iron  teeth  subjected  to  little  shock,  /  =  9,600  lbs.  per  sq.  in. 
»  ,,  moderate    „    /=  6,100         „         „ 

»  »  excessive    „    /  =  4,300        „        „ 
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For  wooden  teeth  we  ma)'  take/  =  2,740  lbs.  per  square  inch, 
since  these  should  never  be  subjected  to  severe  shocks. 

Breadth  of  Wheel  Teeth.— The  greater  the  breadth  of  the  teeth 
the  greater  is  their  durability.  When,  however,  the  teeth  are 
made  too  broad,  there  is  a  difficulty  in  fixing  the  wheels  accurately 
in  gear,  since  the  slightest  amount  out  of  truth  may  cause  the 
mutual  pressure  between  the  teeth  to  act  over  a  very  limited  area. 
The  breadth  varies  from  2p  to  4/>  in  ordinary  gearing,  the  average 
being  2-5 p. 

The  above  formulae  for  the  strength  of  teeth,  though  deduced 
for  the  case  of  spur  wheels,  are  equally  true  for  bevel  gearing.  In 
the  latter  case,  however,  the  velocity,  V,  and  the  pitch,  p,  are  to 
be  measured  at  a  pitch  circle  half  way  between  the  larger  and 
smaller  ends  of  the  conical  pitch  frustum. 

Example  II. — A  spur  wheel  of  2  inches  pitch  and  4  inches 
width  of  face  transmits  30  H.P.  when  its  pitch  line  velocity  is 
10  feet  per  second.  What  power  could  be  transmitted  by  a  spur 
wheel  of  4  inches  pitch  and  8  inches  width  of  face  with  a  pitch 
line  velocity  of  3  feet  per  second  ?  (S.  and  A.  Mach.  Const.  Hons. 
Exam.,  1881.) 

Answer. — Let  the  various  quantities  in  the  two  cases  be  dis- 
tinguished by  the  suffixes  1  and  2  respectively. 

PV 
From  equation  (III)      H.P.  =  „„    „,  . 

Now,  assuming  contact  between  the  teeth  to  be  perfect,  as  ex- 
plained in  the  text,  we  get : — 

From  equation  (IV)     P  =  i  ("/-)/ 
Or,  „  (V)     P=  -0463  6^/ 

Hence,  assuming/ to  be  the  same  in  both  cases,  we  get : — 

H.P.2  _  hp^^i 
H.P.1       b,p,Y^- 

H.P.2  _  8  X  4  X  (3  X  60)         6 
30      "  4  X  2  X  (10  X  60)  ~  5' 

H.P.J  =  I  X  30  =  36. 
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Flanged  or  Shrouded  Wheels. — Sometimes  the  rims  of  toothed 
wheels  are  made  broader  than  the  teeth,  and  extend  to  the  pitch 
circle  or  even  to  the  points  of  the  teeth.  The  wheels  in  such  oases 
are  said  to  be  "flanged"  or  "shrouded,"  Shrouding  has  the  effect 
of  increasing  the  strength  of  the  teeth,  and  it  is  for  this  purpose 
they  are  so  made.  With  ordinary  proportions  of  teeth,  shrouding 
to  the  points  may  have  the  effect  of  nearly  doubling  the  strength 
of  the  teeth.  It  is  clear,  however,  that  only  one  of  a  pair  of  wheels 
can  be  strengthened  in  this  way.  When  the  two  wheels  in  gear 
are  about  equal  in  size,  both  may  be  shrouded  to  near  their  pitch 
circles.  In  other  cases,  it  is  usual  to  fully  shroud  the  smaller  wheel 
only,  since  the  teeth  of  this  wheel  are  subjected  to  greater  wear 
than  those  on  the  larger  one.  Sometimes  both  wheels  are  shrouded 
to  the  points  of  their  teeth  on  one  side  only,  the  shrouded  side  of 
the  one  being  opposite  the  unshrouded  side  of  the  other.     Thief 


Longitudinal  Seaiion  of  Wheel      Shnuded       Shrouded        Shrouded      Longitudinal  Section  of  Wheel 
Shrouded  to  Points  of  Teeth,    to  the  Points,  on  one  Side,  to  Pitch  Line.    Shrouded  to  the  Pitch  Line. 

Shkoudbd  Teeth. 


method  is  also  adopted  in  those  cases  where  the  wheels  are  re- 
quired to  be  thrown  out  of  gear,  by  sliding  one  of  the  wheels 
along  its  shaft.  These  three  methods  of  shrouding  will  be  easily 
understood  from  the  accompanying  figures.  Owing  to  the  difficulty 
in  moulding  shrouded  wheels,  they  are  never  adopted  except  it 
heavy  machinery  siibjected  to  severe  shocks. 

Hooke's  Stepped  Gearing. — The  smoothness  of  action  with 
toothed  gearing  depends  upon  the  number  of  pairs  of  teeth  which 
are  in  contact  simultaneously,  the  greater  the  number  the  sweeter 
and  smoother  the  motion.  This  is  of  the  greatest  importance 
with  some  kinds  of  machinery,  and  noisy  action  should  be  avoided, 
as  far  as  possible,  in  every  case.  We  have  seen  in  a  previous 
Lecture  that  the  number  of  pairs  of  teeth  which  are  in  action  at 
once  may  be  increased,  either  by  reducing  the  pitch  of  the  teeth, 
or  by  increasing  the  length  of  the  path  of  contact.  But  reducing 
the  pitch  of  the  teeth  reduces  their  strength,  as  we  have  just 
shown  J  and  increasing  the  length  of  the  path  of  contact  causes  an 
increase  in  the  length  of  the  teeth,  which  has  also  the  effect  of 
reducing  their  strength.  Hence,  neither  of  these  methods  can  be 
advantageously  adopted,  To  overcome  these  difficulties.  Dr.  Hooke 
invented  his  stepped  gearing,  y/hich.  results  in  the  smoothness  of 
action  due  to  fine  pitched  teeth  without  the  reduction  in  strength. 

To  understand  this  form  of  gearing,  imagine  an  ordinary  spur 


HOOKES   STEPPED   GEABING. 
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wheel  built  up  of  n  (five  on  the  figure)  narrow  spur  wheels  rigidly 
fixed  together  side  by  side,  the  pitch  abd  other  dimensions  of  the 
teeth  being  proportioned  by  the  ordinary  rules.  Instead  of  the 
teeth  being  placed  end  to  end  in  a  straight  line  parallel  to  the 
shaft,  let  them  be  arranged  in  steps,  as  shown  at  A,  B,  C,  D,  E,  so 
that  each  successive  tooth  is  a  short  distance  behind  the  previous 
one.  The  action  with  a  pair  of  such  wheels  will  clearly  be  similar 
to  that  of  ordinary  wheels  wherein  the  pitch  is  only  b  c.  The 
number  of  steps,  n,  and  the  length  of  the  steps,  b  c,  may  be  any- 
thing to  suit  circumstances,  but  the  former  is  generally  so  arranged 
that  the  face  of  the  last  tooth,  E,  may  just  be  to  the  left  of  the  face 
of  the  first  tooth,  P,  on  the  next  series  of  teeth,  by  the  length  of 
a  step,  b  e.     The  length  of  a  step,  6  c,  is  then  one  nth  of  the  pitch 

mrMwirfwiniinF 
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of  the  teeth,  and  should  be  small  compared  with  the  thickness  of  the 
teeth,  otherwise  the  teeth  will  be  weakened  for  want  of  sufficient 
connection  with  those  on  either  side.  If  the  teeth  are  designed  in 
the  usual  way,  so  that  two  consecutive  teeth  on  any  of  the  rings 
composing  a  wheel  are  always  in  contact  with  two  consecutive 
teeth  on  the  corresponding  ring  of  the  other  wheel,  it  is  evident 
that  for  the  two  wheels  there  will  never  be  fewer  than  2  n  pairs 
of  teeth  in  contact.  Thus,  under  ordinary  circumstances,  with 
five  steps  on  each  wheel,  there  would  always  be  at  least  ten  pairs 
of  teeth  in  contact.  The  motion  would,  therefore,  be  much 
smoother  and  BWeeter  than  with  ordinary  gearing.  Stepped 
gearing  is  sometimes  used  for  the  rack  and  pinion  arrangements 
for  moving  the  tables  of  planing  machines,  which  require  to  be 
very  uniformly  and  steadily  moved.  This  form  of  gearing  might 
be  conveniently  adopted  in  many  other  cases  where  regularity 
and  smoothness  of  motion  are  of  primary  importance. 
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Helical  Gearing. — If  we  suppose  6  c  to  become  infinitely  small, 
and,  therefore,  the  number  of  steps,  n,  infinitely  great,  the  broken 
line  abode  .  .  .  .  would  become  a  continuous  curve,  which  is 
clearly  a  helix,  or  screw  line,  traced  on  the  pitch  surface  of  the 
wheel.  The  series  of  stepped  teeth.  A,  ,B,  C,  D,  E,  would  then 
form  a  single  helical  tooth.  Wheels  having  their  teeth  formed  in 
this  manner  are  called  Helical  Wheels.     When  accurately  made 


SiNOLB  Helical  Wheels  in  Gear,  Showing  Opposite  Obliquities. 

and  erected,  there  is  almost  perfect  line  contact  between  the  pairs 
of  teeth  in  gear,  thus  augmenting  the  strength  of  the  gearing, 
while  the  smoothness  of  action  is  about  the  greatest  attainable 
with  ordinary  materials. 

The  obliquity  of  the  teeth  is  the  angle  which  their  directions 
make  with  a  plane  containing  the  axis  of  the  shaft,  and  in  ordinary 
circumstances  is  about  35°.  Just  as  screws  are  right-handed  or 
left-handed,  according  to  the  direction  of  the  helical  thread  on  the 
bolt,  so  we  speak  of  right-handed  or  left-handed  obliquities  with 
respect  to  helical  teeth.  A  pair  of  helical  wheels  to  gear  together 
must  have  right-  and  left-handed  obliquities  respectively,  as  shown 
by  the  above  figures. 

Double  Helical  Wheels. — Owing  to  the  oblique  direction  of  the 
teeth  their  mutual  pressure  tends  to  separate  the  wheels  axially, 
and  thereby  produces  considerable  lateral  pressure  on  the  bearings. 
To  neutralise  this  prejudicial  action,  the  teeth  are  now  formed  in 
two  equal  parts  with  opposite  obliquities,  and  united  at  a  common 
section,  as  shown  by  the  accompanying  figures.  Such  wheels  are 
termed  Double  Helical  Wheels.  They  are  remarkable  for  their 
strength  and  smoothness  of  action.  The  pinion  shown  is  shrouded 
to  the  pitch  circle,  which  further  increases  its  strength.  No 
reliable  information  has  as  yet  been  forthcoming  regarding  the 
relative  strength  of  helical  and  ordinary  gearing,  but  it  is  believed 
that,  under  similar  circumstances,  the  former  are  at  least  30  per 
cent,  stronger  than  the  latter,  and  they  are  certainly  more  durable 
and  easier  in  their  action.  It  is,  however,  more  difficult  to  obtain 
perfect  bearing  between  the  teeth  of  helical  wheels  thau  with 
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ordinary  ones.  The  smallest  displacement  of  the  middle  planes  ol 
the  wheels  from  coincidence  may  cause  the  action  between  the 
teeth  to  be  confined  to  one  half  of  each  tooth,  thus  virtually 
diminishing  their  strength.  The  method  of  overcoming  this  diffi- 
culty is  to  allow  one  of  the  shafts  a  small  amount  of  lateral  motion 
in  its  bearings,  so  that  the  wheel  which  it  carries  may  always 
accommodate  itself  to  the  other. 

Helical  teeth  are  designed  in  the  same  way  and  according  to 
the  same  rules  as  ordinary  teeth,  by  setting  off  their  dimensions. 


Bevel  Wheels  with  Double  HtLiCAL  Teeth.* 

<fec.,  along  a  pitch  circle  of  the  wheel.     The  teeth,  however,  must 
lie  along  the  face  of  the  wheel  in  a  helical  direction. 

Helical  wheels  are  extensively  used  in  the  construction  of  heavy 
gearing,  such  as  that  required  for  large  cogging  and  rolling  mills 
and  submarine  cable  machinery,  and  they  are  said  to  give  great 
satisfaction.  The  casting  of  such  wheels  presented  considerable 
difficulties  at  first,  but  these  have  been  overcome,  and  now  helical 
bevel  wheels  can  be  as  easily  cast  as  spur  wheels.  Their  cost  is 
little  more  than  that  of  ordinary  toothed  wheels. 

*  We  are  indebted  to  Messrs.  P.  R.  Jackson  &  Co.,  Ltd.,  Manchester, 
and  Messrs.  Bodley  Bros  &  Co.,  Exeter,  for  these  figures. 
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Wiist  Patent  Double  Helical  Gear.*— The  spur  gear  shown  in 
the  accompanying  figure,  is  unlike  the  usual  form  of  cut  double 
helical  gear — which  usually  consists  of  two  half  wheels  bolted 
together — since  the  teeth  of  both  sides  are  cut  entirely  from 
the  solid  blank.  The  teeth  of  the  wheel  are  so  arranged,  that 
those  on  one  side  alternate'  with  those  on  the  other.     Hennc. 


Spur  Wheels  with  Double  Helical  Tebth; 

there  is  a  difiference  of  half  the  pitch  between  the  position  of  the 
teeth  on  opposite  sides  of  this  new  and  improved  form  of  wheel 
gear.  The  larger  wheel  is  shown  split  for  use  in  a  tramcar  gear. 
5?he  advantages  of  this  gear  are,  that  the  engaging  surface 
between  the  pinion  and  wheel  is  much  greater  than  can  be 
obtained  with  any  other  arrangement  of  teeth ;  whilst  backlash 
and  noise  are  reduced  to  a  minimum,  without  the  necessity  of 
using  rawhide  pinions. 

*The  author  is  indebted  to  Marry  at  &  Place,  London,  E.G.,  for  the 
above  figure. 
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Lecture  XIV.  — Qubstions. 

1.  Deduce  an  expression  for  the  work  lost  by  friction  between  the  teeth 
of  a  pair  of  wheels  in  gear.  In  a  pair  of  spur  wheels  with  external  contact, 
the  number  of  teeth  on  the  wheels  are  25  and  75  respectively,  and  the 
coefficient  of  friction  is  O'l.  Assuming  the  sires  of  approach,  and  recess 
each  equal  to  the  pitch,  find  the  efficiency  of  the  gearing.     Ati^.  98'37„. 

2.  In  spur-wheel  gearing,  explain  how  to  estimate  the  pitch  of  the  teeth 
to  transmit  a  given  iiorse-power  with  a  given  speed  of  periphery.     Show 

that  under  some  circumstances  the  pitch  should  be  proportional  to  VP, 

p 
and  imder  other  circumstances  to  -r,  where  P  is  the  pressure  between  two 

teeth,  and  6  is  the  breadth  of  the  face  of  the  teeth. 

3.  A  toothed  wheel,  IS  inches  diameter,  makes  150  revolutions  per 
minute,  and  transmits  30  horse-power,  what  is  the  maximum  pressure  on 
one  tooth,  assuming  it  to  take  the  whole  load?  If  the  width  of  the  teeth 
is 2  inches,  what  pitch  should  you  adopt?   Aiis.  P=l,400  and  p=l'4  inches. 

4.  A  oast-steel  spur  wheel  transmits  80  horse-power.  The  pressure 
comes  upon  one  tooth,  and  may  be  supposed  to  act  uniformly  along  its 
point — that  is  to  say,  the  tooth  ma3'  be  regarded  as  a  oantUever  loaded  at 
the  extremity.  Diameter  of  spur  wheel,  3  feet ;  number  of  revolutions  per 
minute,  150 ;  length  of  tooth,  1 J  inches ;  width  of  tooth,  4  inches ;  safe 
tensile  and  compressive  strength  of  cast  steel  (allowing  for  vibrations)  per 
square  inch,  8,000  lbs.     Find  thickness  for  root  of  tooth.     Ans.  '72  inch. 

5.  Sketch  the  rim  of  a  spur  wheel  with  shrouded  teeth.  Bxplain  the 
object  of  shrouding  the  teeth. 

6.  Give  sketches  showing  Hooke's  stepped  gearing,  and  explain  its  con- 
struction and  action.  What  advantages  are  derived  from  making  toothed 
gearing  of  this  form  ? 

7.  Give  sketches  showing  single  and  double  helical  wheels.  Explain  the 
principles  upon  which  they  are  constructed  and  act.  Why  are  double 
helical  wheels  used  in  preference  to  single  helical  wheels?  Discuss  the 
advantages  and  disadvantages  of  helical  and  ordinary  toothed  wheels. 

8.  Distinguish  between  a  spur-wheel,  a  bevil-wheel,  a  worm-wheel,  and 
a  rack.  What  is  the  velocity  ratio  of  two  wheels  ?  If  a  bar  of  cast  iron 
1  inch  square  and  1  inch  long  when  secured  at  one  end,  breaks  transversely 
with  a  load  of  6,000  lbs.  suspended  at  the  free  end,  what  would  be  the 
safe  working  pressure,  employing  a  factor  of  10,  between  the  two  teeth 
which  are  in  contact  in  a  pair  of  spur-wheels,  whose  width  of  tooth  is 
6  inches,  the  depth  of  the  tooth,  measured  perpendicularly  from  the  point 
to  the  root,  being  2  inches,  and  the  thickness  at  the  root  of  the  tooth 
1 J  inches  ?    (S.  &  A.  Adv.  Exam. ,  1896. )    Ans.i,  050  lb. 

9.  Describe  how  we  find  the  shape  of  the  teeth  of  a  worm-wheel.* 

(S.  &  A.  Hons.  Exam.,  1897.) 

10.  Why  is  the  engineers'  theory  of  bending  not  applicable  to  short 
beams.  Show  how  it  is  made  use  of  to  help  in  finding  the  proper  pitch  for 
a  spur-wheel  tooth.     (B.  of  E.  H.,  Part  I.,  1902.) 

*  See  Frof.  Kanldne's  Machinerv  and  MiUwork,  Section  IV  ,  and  Prot  Udwiu's  Machin$ 
Detign,  Fart  i.,  chap.  zL 
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Lecture  XIV. — A.M.Inst.O.E.  Exam.  Questions. 

1.  Define  the  following  forms  of  gearing : — Ordinary  tooth  gearing, 
shrouded  gearing,  helical  gearing,  screw  gearing  ;  and  make  hand  sketches 
of  each.  Design  and  draw  a  suitable  screw  to  one-fifth  scale  to  suit  the 
case  when  the  shafts  are  at  right  angles  and  a  speed  reduction  of  10  to  1  is 
desired ;  the  driving  shaft  is  rotating  at  1,000  revolutions  per  minute,  and 
the  power  to  be  transmitted  is  10  H.  P.  The  diameter  of  both  shafts,  for 
reasons  unconnected  with  the  gearing,  is  5  inches.     (I.C.E.,  Oct.,  1905.^ 
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LECTURE   XV. 

Contents.— Belt,  Rope,  and  Chain  Gearing— Materials  for  Belting — 
Curing,  Cutting,  and  Splicing  Leather  for  Belts — Different  Methods  of 
Jointing  Leather  Belts— Average  Strength  of  Leather  Belt  Joints — 
Manufacture  of  Long  and  Broad  Leather  Belting — Which  Side  of  the 
Leather  should  Face  the  Pulley — Double  and  Treble  Belting— Com- 
pound Belting — Link  Chain  Belting — Victoria  Belting — Waterproof 
Canvas  Belts — India-rubber  Belts — Guttapercha  and  Composite  Gutta- 
percha Belts  —  Strength  of,  Working  Tension  in,  and  Horse-power 
Transmitted  by.  Belts — General  Requirements  for  Belting — ^Rope  Gear- 
ing —  Sizes  of  Ropes  and  Pulleys  —  Strength  of  Cotton  and  Hemp 
Ropes — Rope  Pulleys — Multigroove  Rope  Drives — Speed  of,  and 
Horse -power  Transmitted  by.  Ropes  —  Power  Absorbed  by  Rope 
Driving — Telodynamic  Transmission — Pulleys — Wire-Rope  Haulage 
and  Transport — Questions. 

Belt,  Rope,  and  Chain  Gearing. — The  transmission  of  power 
between  distant  shafts  is  usually  effected  by  means  of  pulleys  and 
belts,  ropes,  or  chains.*     Although   belts  are   most   commonly 

*  The  transmission  of  power  between  distant  shafts  is  often  effected  by 
means  of  dynamos,  wires,  and  motors,  but  this  case  is  evidently  outside  of 
the  range  of  the  present  work.  The  following  is  a  list  of  books  and  papers 
treating  of  belt  and  rope  driving : — 

E.  &  F.  Spon's  Dictionary  of  Engineering  (E.  &  F.  Spon,  London). 
Paper  on  "  Transmission  of  Power  by  Wire,  Ropes,  and  Turbines,"  by 

H.  M.  Morrison.     Proceedings  of  Inst,  of  Mech,.  Engineers,  1874,  p.  56. 
Paper  on  "  Rope  Gearing  for  Transmission  of  Large  Powers  in  Mills  and 

Factories,"  by  J.  Durie.     Proceedings  of  Inst,  of  Mech.  Engineers, 

1876,  p.  372. 
Sir  W.  Siemens'  prize  "Essay  on  Machine  Belting,"  by  A.  H.  Barendt, 

read  before  the  Liverpool  Polytechnic  Society,  January  29,  1883. 
Paper  on  "Belt  Driving,"  by  J.  Tullis,  communicated  to  the  Convention 

of  British  and  Irish  Millers  in  Glasgow,  June  17,  1885.     See  Messrs. 

Tullis  &  Son's  Ouide  to  Belt  Driving,  1891. 
"Rope  Driving,"  by  Chas.  W.  Hunt,  of  N.  Y.  City.     See  vol.  of  Trans. 

Am.  Soc.  of  Mech.  Engs.  for  1890. 
A  Treatise  on  the  Use  of  Belting  for  the  Transmission  of  Power,  by  John  H. 

Cooper.    Fourth  edition,  1891.    Published  by  Edward  Meeks,  Walnut 

Street,  Philadelphia,  U.S.A.,  and  E.  &  F.  Spon,  London. 
"  Experiments  on  the  Transmission  of  Power  by  Belting,"  made  by  Messrs. 

Wm.  Sellars  &  Co.     See  vol.  vii.  Am.  Soc.  Mech.  Engineers. 
Notes  on  the  "Introduction  and  Development  of  Rope  Driving,''  by 

Abram  Combe.     See  Proc.  Inst.  Mech.  Engs.,  1896. 
Paper  on  the  "Transmission  of  Power  by  Ropes,"  by  Edwin  Kenyon. 

See  Trans.  Inst.  Engs.  and  Ships.,  Glasgow,  vol.  xlviii.,  1905. 
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employed  for  this  purpose,  yet  in  certain  oases,  where  great  power 
has  to  be  transmitted  between  two  distant  shafts  at  nigh  speeds, 
rope  gearing  is  preferred  on  account  of  its  flexibility,  lightness, 
quiet  smooth  working,  easy  repair,  small  first  cost,  and  the  facility 
with  which  the  desired  tension  can  be  regulated  by  means  of  a 
tightening  pulley  when  one  continuous  rope  is  used.* 

Chain  gearing  is  employed  in  cases  where  the  motion  is  slow 
and  the  power  greater  than  could  be  safely  transmitted  by  narrow 
belts  or  ropes.  It  is  also  used  where  slipping  is  inadmissible, 
and  where,  as  in  the  case  of  rolling  mills,  &c.,  belts  or  ropes 
would  soon  become  perished  or  burned  by  the  heat  from  the 
materials  being  acted  upon  by  the  rolls. 

Materials  for  Belting.  —  The  most  common  and,  generally 
speaking,  the  best  material  for  belting  is  leather ;  although  many 
substitutes,  such  as  cotton,  india-rubber,  Dick's  canvas  and  balata, 
woven  gut,  camels'  and  Llama  hair,  have  been  devised,  and  found 
very  serviceable  under  special  conditions. 

Curing,  Cutting,  and  Splicing  Leather  for  Belts.  —  The  best 
leather  for  belting  is  made  from  skins  taken  from  the  backs  of 
full-grown  Highland  oxen.  The  hides  are  thoroughly  cured  by 
being  immersed  for  a  long  time  in  an  "  orange  tan  "  liquid,t  which 
possesses  the  property  of  condensing  and  contracting  the  raw  hide 
instead  of  causing  it  to  swell  and  become  heavier,  as  is  the  case 
when  they  are  tanned  with  "oak  bark."     This  process  produces  a 

Paper  on  "Belting  for  Machinery,"  by  H.  A.  Mavor,  M.Inst.E.E.,  read 
before  the  Institution  of  Engineers  and  Shipbuilders,  Glasgow,  on 
February  21,  1893.     See  Proceedings  of  the  Institution. 

Elements  of  Machine  Design,  Part  I.,  "Belt  and  Rope  Gearing,"  by  Prof. 
W.  0.  Unwin,  F.R.S.  (Longman,  Green  &  Co.,  London). 

Pocket  Diary  of  the  Mechanical  World  (Emmot  &  Co.,  Manchester). 

The  Practical  Engineer  Pocket-Book  and  Diary  (Technical  Publishing  Co., 
Manchester). 

Paper  by  Prof.  W.  C.  Unwin,  F.R.S.,  being  the  Howard  Lectures  delivered 
before  the  Society  of  Arts,  1893.  Printed  in  the  Society  of  Arts 
Journal,  and  reprinted  in  the  Practical  Engineer,  December,  1893,  and 
January,  1894. 

A  series  of  excellent  articles  on  "  Rope  Driving,''  by  Prof.  J.  J.  Flather 
in   The  Electrical   World  (W.  J.  Johnston  Co.,  Limited,  New  York 
City),  from  October  21,  1893,  to  April,  1895. 
•  When  two  or  more  independent  ropes  are  employed,  tightening  pulleys 

are  found  to  be  impracticable. 

+  From  the  Patent  Specification  No.  8,165  of  1884  we  learn  that  this 

liquid  consists  of  "  'Spanish  extract,'  having  borax  or  saltpetre  dissolved 

therein  ;  the  said  extract  being  an  astringent  solution  obtained  by  grinding 

and  boiling  the  rind  of  the  orange  and  lemon.     The  quantities  of  borax 

and  saltpetre  may  be  considerably  varied.     After  the  hides,  when  thus 

saturated,  are  treated  by  the  ordinary  operation  of  currying,  it  converts 

them  into  leather  fit  for  commercial  use." 
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thin,  firm,  practically  stretchless  and  very  light,  strong  leather, 
which  is  particularly  well  suited  for  the  transmission  of  power. 
The  thickness  of  the  leather  thus  obtained  is  generally  about  ^ 
inch,  its  extreme  length  is  about  4  feet  6  inches,  and  width  about 
4  feet.  The  tanned  hides  are  usually  cut  up  into  parallel  strips  of 
the  required  breadth,  and  these  strips  are  then  joined  end  to  end 
by  overlap  tapered  splices  in  order  to  make  up  the  desired  length 
of  belting. 

In  forming  these  splices  the  ends  of  two  strips  axe  first  carefully 
tapered  to  a  thin  edge  by  planing  machines.*  Secondly,  the 
tapered  faces  are  covered  with  glue.  Thirdly,  they  are  cemented 
together  under  great  pressure.  Fourthly,  as  an  additional  pre- 
caution the  splices  are  laced  with  untanned  ox-hide,  riveted  with 
copper  rivets  and  washers,  or  sewn  with  wax  thread  and  copper 
wire. 

If  a  greater  thickness  should  be  required  than  that  afforded  by 
a  single  strip  of  the  hide  (as  in  the  case  of  double  or  treble 
belting),  then  two  or  three  such  strips  are  thoroughly  glued 
together  under  great  pressure.  The  final  ends  are  left  square 
until  the  roll  of  belting  is  taken  from  the  store  for  the  purpose  of 
making  up  an  endless  belt  of  the  required  length  for  any  par- 
ticular set  of  pulleys.  A  sufficient  length  is  then  cut  from  the 
roll  and  stretched  before  making  the  final  joint  by  one  or  other  of 
the  following  methods. 

Different  Methods  of  Jointing  Leather  Belts. — Fig.  (1)  shows 
a  joint  which  is  generally  made  in  a  belt  factory  where  the 
necessary  scarfing  planes  and  compressing  gear  are  available. 
Cemented  joints  made  in  this  way  are  nearly  as  strong  as  the 
other  joints.  They  last  longer  and  drive  better  than  when  cut 
up  by  sewing  or  riveting  (see  following  table). 

Fig.  (2)  represents  a  good  connector  for  new  and  stout  leather 
belts.  This  Harris's  fastener  is  laid  down  upon  an  iron  block 
with  the  teeth  upwards.  First  one  end  of  the  belt  is  driven  home 
upon  one  half  of  the  teeth,  and  then  the  other  end  upon  the  other 
half,  care  being  taken  not  to  disturb  the  curve  of  the  fastener  as 
this  gives  the  necessary  holding  bite  to  the  teeth. 

Fig.  (3).  The  tough  yellow  metal  fasteners  shown  serve  very 
well  for  belts  running  at  high  speeds  over  small  pulleys.  The 
slits  for  these  clips  are  made  by  a  special  form  of  cutting  pliers  and 
should  be  cut  fully  i  inch  from  the  end  of  the  belt,  being  so  spaced 
that  the  crossheads  of  the  fasteners  come  close  to  each  other  across 

•  Care  should  be  taken  to  plane  the  one  atrip  from  the  hair  side  and  the 
other  strip  from  the  flesh  side,  so  that  the  belt  as  a  whole  may  present  a 
uniform  surface  on  each  face. 
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the  strap.  In  order  to  prevent  the  body  of  the  metal  clip  from 
being  bent  up  and  down  when  passing  over  the  pulleys  the  fastener 
should  be  as  short  as  practicable. 

Fig.  (4).  The  strength  of  an  upturned  joint  of  this  form  is  in- 
creased by  inserting  a  leather  strip  or  washer  between  the  turned 
up  ends  as  shown.  For  this  kind  of  joint  Jackson's  patent  bolt 
and  washer  fasteners  are  used  by  Messrs.  John  TuUis  &  Son,  of 


(1) 


Glued  &  Laced  Spuce. 

<4) 


UPTURNED  Bolted  Jump  Joint. 

(5) 


OvERLRP  Lrced  Joint. 


Butt  Joint  with  Harris's  F/istenes. 

JtfETAL(t==^CLIP. 

Jump  Joint  connected  Br  Cups. 

/IPRON^  (6) 


'iy///A4i^/'/'y'/Ai^ 


^ 


LucED  Butt  Joint  with  Apron. 


Plan  of  (Si 


Plan  of  (b) 


lti:x:>ai[gI!lTi 


The  horizont/il  dotted  lines  indic/ite  the  sTRmas  of  the  lacers 


ON  THE  SIDE  NEXT  THE  PULLEYS. 
CD 


(8) 


Tno  Methods  of  lacing  Butt  Joints. 
Different  Methods  of  Jointing  Leather  Belts, 

Glasgow.     They  are  also  recommended  by  them  for  cotton  and 
Llama  hair  belting. 

Pig.  (5)  shows  the  ordinary  overlap  laced  joint  in  both  section 
and  plan.  Care  should  be  taken  to  taper  down  and  curve  the 
ends  to  suit  the  smallest  pulley  over  which  the  belt  has  to  pass, 
otherwise  the  joint  will  be  stiff,  and,  consequently,  every  time  it 
travels  on  and  off  the  pulley  a  sort  of  hinge  action  takes  place, 
accompanied  by  a  shock,  which  not  only  shortens  the  life  of  the 
belt,  but  also  communicates  a  jar  to  the  shaft  and  machine  being 
driven. 
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Fig.  (6).  For  heavy  broad  leather  halts,  where  a  scarfed  cemented 
joint  cannot  be  used,  this  form  of  joint  with  leather  apron  makes 
a  very  good  connection. 

Figs.  (7)  and  (8)  show  the  best  methods  of  lacing  simple  butt 
joints.  The  holes  for  the  lacer  are  punched  so  as  to  form  a 
diamond  or  pointed  figure,  whereby  there  are  never  more  than 
two  holes  in  line  across  the  belt ;  and,  consequently,  it  is  possible 
to  retain  almost  the  entire  strength  of  the  belt  without  reducing 
its  flexibility.  Another  plan  of  lacing  a  butt  joint,  which  i"? 
very  suitable  for  dynamo  driving  and  ensures  steady  smooth 
running,  is  illustrated  by  the  following  figure  : — 


7  3  It  IS 

Dotted  Lines  Show  Lacinga  on  Inside  of  Selt. 


Plan  of  a  Laced  Buit  Joint  for  a  6-inoh  Bblt. 


The  joint  is  made  by  a  Helva,tiou  leather  lacer  of  |-inch  width 
in  one  length,  by  beginning  at  hole  marked  1,  and  continuing 
through  the  several  holes  in  the  order,  2,  3,  4,  &o.,  as  shown  by 
the  figure,  ending  with  hole  1,  which  is  also  marked  21. 

In  order  to  facilitate  the  making  of  any  one  or  other  of  the 
above-mentioned  joints  in  belts  more  than  6  inches  wide,  it  is 
usual  to  employ  a  "  dra wing-up  frame  "  of  the  form  shown  by  the 
accompanying  figure.  The  two  ends,  Bj,  B^,  of  the  belt,  after 
being  passed  over  the  driving  and  driven  pulleys,  are  brought 
towards  each  other  and  gripped  by  the  clamps,  0^,  Oj.  The 
5  20 
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spanner,  K,  is  then  applied  alternately  to  the  nuts  of  the  long 
screws,  Sj,  Sj,  until  the  tapers  of  the  splice  are  brought  £urly 
over  each  other,  or  until  the  ends  come  together  fairly  and 
squarely  in  the  case  of  a  butt  joints     The  lacing  can  then  be  done 


Steetchino  Apparatus. 


without  any  other  effort  than  that  of  merely  passing  the  thong 
through  the  holes  and  drawing  it  home  tightly. 

The  chief  objects  to  be  attained  by  a  good  joint  axe— first,  to 
maintain  a  close  approximation  to  the  belt  strength ;  and 
second,  to  keep  the  thickness  and  flexibility  of  the  joint  as  nearly 
equal  to  that  of  the  belt  as  possible  in  order  to  prevent  jumping. 
From  the  following  table  it  will  be  seen  how  far  the  first  of  these 
objects  is  attained  in  practice : — 

Average  Stbeitoth  oe  Leather  Belt  Joints. 

And  percentage  strength  as  compared  with  the  average  strength  of  leather 
belts,  taken  as  4,132  lbs.  per  square  inch.  From  tests  made  by 
A.  H.  Barendt  at  the  Liverpool  School  of  Science. 


Kind  of  Joint. 

Average  Streogth 

in  lbs. 
per  square  inch. 

Per  Cent. 
Strength. 

Cemented  (only),      .... 
Ordinary  white  thong,  without  rivets, 
Waxed  thread,  without  rivets. 
Wire  sewn  or  clinched,  without  rivets. 
White  thong,  with  two  rivets. 
Waxed  thread,  with  two  rivets. 
Copper  wire  sewn,  with  two  rivets. 
White  thong,  with  one  rivet,  . 

2,254 
2,404 
3,240 
3,272 
2,262 
2,802 
3,050 
3,226 

52-12 

59-4 

78-4 

79-18 

54-74 

67-83 

75-81 
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Manufacture  of  Long  and  Broad  Leather  Belting. — By  the 
ordinary  plan  of  cutting  up  hides  into  straight  strips,  their  length 
is  limited  to  about  f)  feet,  thereby  necessitating  a  corresponding 
number  of  splices.  Messrs.  Sampson  &  Co.,  of  Stroud,  have 
recently  devised  a  method  of  making  long  continuous  strips  of 
leather.  A  disc  of  leather,  4  to  4J  feet  in  diameter,  is  cut  from 
the  hide.  After  being  tanned  and  cured  in  the  usual  way,  it  is 
cut  in  a  spiral  direction  from  the  outer  edge  to  within  about 
9  inches  of  the  centre.  This  spiral  strip  is  then  stretched  and 
well  rubbed  until  it  becomes  quite  straight.  It  is  found  that  the 
strength  of  the  leather  is  not  apparently  diminished  by  this  process. 
Of  course,  the  length  of  the  strip  depends  on  its  breadth.  If  the 
breadth  be  only  1-5  to  2  inches,  then  a  strip  of  about  100  feet  can 
thus  be  cut  from  a  disc  4|^  feet  in  diameter.  By  sewing  a  number 
of  such  strips  together  side  by  side,  while  stretched,  a  belt  of  any 
required  width  can  be  obtained.  Belts  75  inches  broad,  ^  inch 
thick,  and  over  150  feet  in  length,  have  thus  been  built  up  for 
transmitting  power  in  mills,  directly  from  the  flywheels  of  large 
engines  to  the  main  shafting.  Long  belts  should  never  be  made 
heavy,  because  the  greater  their  weight,  the  greater  becomes  their 
tendenoy  to  oscillate  up  and  down,  and  swing  from  side  to  side. 

Which  Side  of  the  Leather  should  Face  the  Pulley. — The  grain 
or  hair  side  of  the  leather  is  naturally  much  smoother  than  the 
flesh  side,  and  engineers  differ  in  opinion  regarding  which  of  these 
sides  should  run  in  contact  with  the  pulley.  In  this  country,  the 
rough  or  flesh  side  is  almost  invariably  placed  in  contact  with  the 
pulley ;  but  in  America  it  is  the  smooth  side.  It  is  claimed  for 
the  latter  method,  that  the  life  and  efficiency  of  a  belt  is  thereby 
increased.  Whichever  side  of  the  belt  is  in  contact  with  one 
pulley,  the  same  side  should  be  in  contact  with  all  the  pulleys  over 
which  it  passes,  so  as  not  to  bend  it  alternately  in  different 
directions.  When  the  flesh  side  is  next  the  rim  of  the  pulley,  it 
should  receive  one  coating  of  currier's  dubbing,  and  three  coatings 
of  boiled  linseed  oil  every  year,  in  the  case  of  a  belt  having  to 
endure  continuous  hard  work.  This  has  the  effect  of  rendering  it 
about  as  smooth  as  the  hair  side,  and  its  efficiency  as  a  whole  is 
said  to  be  thereby  increased.  When  the  hair  side  is  in  contact 
with  the  pulley,  it  is  usual  to  give  that  side  an  occasional  coating 
of  castor  oil  in  order  to  render  it  more  flexible,  and,  consequently, 
more  durable  than  it  would  be  in  its  natural  state.  Rosin  or 
cobbler's  wax  should  never  be  employed,  as  they  gather  dirt,  and 
form  lumps  on  the  pulley  and  belt. 

Double  and  Treble  Belting. — Sometimes  the  breadth  of  a  single 
belt  necessary  to  transmit  a  given  power  would  be  inconveniently 
great,  and  hence  double  or  trebly  b^lts  are  used.     These  are  made 
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by  cementing,  and  then  riveting  or  sewing,  two  or  three  thicknesses 
of  belting  together.  Owing  to  the  greater  rigidity  of  such  belts, 
they  do  not  work  so  satisfactorily  as  single  ones,  and  are  not  well 
adapted  for  running  at  high 
speeds,  or  over  pulleys  hav- 
ing a  diameter  of  less  than 
3  or  4  feet,  or  in  cases 
where  the  pulleys  are  close 
together.  This  is  clearly  seen 
from  the  accompanying  illus- 
tration, which  shows  the 
change  that  is  continually 
going  on  in  thick  belts, 
especially  when  passing  over 
small  pulleys.  The  compres- 
sion on  the  inner  face  of  the 
belt  is  shown  by  the  necessary 
reduction  in  the  size  of  the 
inside  blocks,  and  the  stretch- 
ing of  the  outer  face  by  the 
parting  of  the  blocks  of  the 
outside  row,  when  passing 
over  the  pulley. 

Messrs.  Sampson  &  Co.  build  their  double  belts  by  sewing 
together  and  pegging  with  hard  wood  pins,  a  number  of  speci- 
ally cut  narrow  leather  strips,  with  a  layer  of  canvas  between 
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them,  as  illustrated  by  the  accompanying  figure.  There  is  always 
one  more  strip  on  the  lower  or  working  side  than  on  the  upper 
half.  They  claim  the  advantage  of  being  able  to  produce  in  this 
way  a  belt  of  very  nearly  uniform  weight  throughout  its  length, 
having  a  hard,  smooth  surface  formed  on  the  flesh  side,  due  to  the 
hammering  required  to  drive  home  and  clench  the  numerous  hard 
wooden  pegs  with  which  the  two  single  belts  are  fixed  together. 
Further,  since  the  sewing  is  not  exposed  on  either  surface  of  this 
belt,  the  leather  must  be  nearly  worn  through  before  the  sewing  is 
damaged. 

Compound  Belting. — In  order  to  avoid  the  internal  straining 
action  of  thick  double  or  treble  belting,  it  has  been  found  advisable 
to  simply  put  two  or  three  thin  single  belts  on  the  top  of  each  other, 

without  any  cementing  or 
riveting  together,  as  shown 
by  the  accompanying  figure. 
This  gives  perfect  freedom 
of  action  to  each  belt  to 
accommodate  itself  to  the 
curves  over  which  it  passes 
without  stressing  its  neigh- 
bours. The  frictionbet  ween 
the  surfaces  of  these  several  belts  is  not  found  to  have  any  obser- 
vable objections,  and  it  is  said  that  70  per  cent,  more  power  can 
be  tvansmitted  by  compounding  two  single  belts  in  this  manner. 
By  the  addition  of  a  third  belt,  still  more  power  may  be  conveyed. 
Messrs.  TuUis  &  Co.  find  that  by  placing  plain  double  belting  on 
the  top  of  their  linked  chain  belts  (when  arched  to  fit  the  curve 
of  the  pulley),  twice  as  much  power  may  be  transmitted  than  by 
either  of  these  alone. 


Compound  Belt  Driving. 


Compound  Belt  Driving  pok  Three  Machines. 

A  simple  modification  of  this  compound  belt  drive  is  illustrated 
by  the  above  figure.  The  power  is  transmitted  from  one  main 
driving  pulley  to  two  or  more  driven  pulleys  by  separate  belts,  all 
moving  in  the  same  plane,  and  in  a  direct  line  with  each  other. 
This  arrangement  saves  considerable  room  in  a  workshop  or 
factory.  It  has  been  proved  to  be  very  handy  for  driving  several 
dynamos  direct  from  one  flywheel,  instead  of  from  independent 
drums. 
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It  is  often  urged  as  an  argument  against  single  belting,  that  it 
does  not  work  well  under  the  action  of  shifting  guide  forks. 
This  may  be  avoided  by  running  the  belt  at  a  sufficient  speed,  say 
between  2,000  and  3,000  feet  per  minute,  and,  in  all  cases,  by 
placing  the  guiding  fork  at  least  1  foot  from  the  point  where  the 
belt  touches  the  ongoing  side  of  the  pulley,  so  as  to  give  freedom 
to  the  belt  to  assume  its  new  position. 

Link  Chain  Belting. — Since  flat  belts  fail  to  take  a  perfect  grip, 
due  to  their  retaining  a  cushion  of  air  between  them  and  their 
pulleys,  Messrs.  TuUis  &  Son,  of  Glasgow,  have  devised  a  complete 


Thick-Sided  Chain  Belting. 


Tdllis's  Thick-Sided 
Leather  Chain 
Belt,  Working 
Quabter  Twist. 


system  of  link  chain  belting.  This  form  of  belting  permits  of  the 
escape  of  the  air  through  the  spaces  between  the  links,  and  thus 
enables  the  leather  to  bear  uniformly  over  the  face  of  the  pulley. 

It  is  composed  of  a  series  of  short  leather  links  bound  togethei- 
by  steel  pins  and  washers.  These  belts  possess  considerable 
flexibility,  and  can  be  made  with  a  flexible  central  row  of  links 
to  automatically  suit  the  arch  of  any  pulley.  If  desired,  they 
may  be  specially  curved  to  suit  any  camber.  They  further  possess 
the  advantage  of  being  easily  shortened  and  rejointed  by  simply 
bringing  the  ends  together  with  a  drawing-up  frame,  interlocking 
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the  links  until  a  row  of  rivet  holes  are  brought  fair  in  a  line 
and  then  inserting  the  rivet.  When  one  side  of  this  belting  i( 
made  thicker  than  the  other  it  is  well  adapted  for  working  on 
tapered  cones  and  for  quarter  twist  driving. 

Victoria  Belting. — A  successful  kind  of  belting  has  of  late  been 
introduced  under  the  name  "  Victoria  Belting."  This  is  simply- 
ordinary  belting  from  which  the  spongy  parts  of  the  leather  on 
the  flesh  side  have  been  pared  away  by  aid  of  machinery,  and  the 
whole  reduced  to  a  uniform  thickness.  A  belt  of  this  description 
is  more  flexible  than  an  ordinary  one,  and,  although  thinner,  is 
about  equal  in  strength.  Double  belts,  made  by  cementing 
and  riveting  two  thicknesses  of  Victoria  belting,  are  little  thicker 
than  ordinary  single  belts,  and  are  quite  as  flexible  and  very 
much  stronger.  The  hair  side  of  each  of  the  parts  cemented 
together  being  kept  outside,  these  will  always  run  in  contact  with 
the  rims  of  the  puUeys  and  guide  pulleys  over  which  they  pass. 

Waterproof  Canvas  Belts. — Next  to  leather,  waterproof  canvas 
belting  of  one  kind  or  another  is  the  most  popular.  It  is  especially 
well  suited  for  paper-mills,  dye-works,  and  other  factories  where 
moisture  or  steam  is  prevalent,  or  for  working  in  the  open  air 
under  varying  climatic  conditions.  The  best  canvas  belting  is 
made  from  selected  Egyptian  cotton.  After  being  folded  to  the 
required  breadth  and  number  of  plies,  it  is  stretched  and  then 
stitched  throughout  its  length  along  the  open  seam.  After  being 
dried  it  is  thoroughly  saturated  with  linseed  oil,  painted  with  red 
silicate  to  make  it  grip,  mangled  to  squeeze  out  the  superfluous 
oil,  and  finally  stretched  for  about  a  fortnight  to  render  it  as  inex- 
tensible  as  possible  under  ordinary  working  conditions.  It  can 
be  made  in  one  piece  of  any  required  length,'  breadth,  or  thickness, 
and  it  has  a  greater  breaking  stress  per  square  inch  than  oak 
tanned  leather  in  the  ratio  of  about  6,700  lbs.  for  canvas  to 
,4,100  lbs.  for  the  leather.  It  forms  excellent  main  driving  belts, 
but  once  it  begins  to  wear  and  give  way  at  any  place  it  cannot  be 
repaired  or  patched  so  readily  as  leather,  neither  does  it  so  well 
endure  cross  driving  or  being  acted  upon  by  shifting  forks. 
The  latter  defect  is  to  a  large  extent  overcome  by  protecting 
it  with  stitched  leather  edges  throughout  its  entire  length. 

India-Rubber  Belts. — These  belts  present  a  very  smooth,  well 
finished,  and  excellent  gripping  surface.  They  are  made  by  taking 
stout  canvas  of  the  required  breadth  direct  from  the  roll,  passing 
it  over  a  steam  heated  cylinder  in  order  to  expel  the  damp  inherent 
in  the  canvas,  which  would  otherwise  rot  the  first  layer  of  rubber. 
The  web  is  next  passed  between  two  heated  rollers.  From  the 
upper  one  it  receives  a  thin  plastic  coating  of  rubber.  It  is  then 
folded  double ;  or,  if  the  canvas  is  of  the  same  breadth  as  the  belt, 
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two  or  more  plies  similarly  treated  are  pressed  together.  It  is  then 
entirely  wrapped  in  rubber,  trimmed  along  the  edges,  and  vulcan- 
ised in  steam  heated  moulds  under  considerable  pressure.  They 
do  not  wear  nearly  so  well  as  leather  belts,  for  the  life  of  a 
hard  worked  one  does  not  exceed  eighteen  months,  and  once  the 
rubber  begins  to  peel  off  the  working  side  and  the  canvas  heart  to 
wear  they  suddenly  break  straight  across.  They  do  not  give  so 
much  trouble  as  might  be  expected  from  stretching,  and  they  can 
be  taken  up  and  jointed  by  the  methods  shown  in  Figs.  1,  4,  and  6 
at  the  beginning  of  this  Lecture.  They  cannot  be  recommended 
for  shifting  belts,  as  the  edges  which  come  into  contact  with 
the  shifting  fork  soon  become  ragged  and  cut. 

Guttapercha  and  Composite  Guttapercha  Belts.— Solid  gutta^ 
percha  belts  have  been  tried,  but  being  expensive,  liable  to  perish, 
and  to  stretch  they  have  been  abandoned.  A  very  successful  com- 
])osite  belt  has,  however,  been  introduced  of  late  by  Messrs.  E.  ife  J. 
Dick  of  the  Greenhead  Works,  Glasgow,  which  possesses  all  the 
advantages  of  water-proofed  canvas,  together  with  good  gripping  and 


Walker's  Jump-Joikt  Fastener. 

lasting  qualities.  It  is  manufactured  from  the  best  "  long-staple  " 
Egyptian  cotton  canvas,  which  is  cut  to  the  required  breadth, 
dried,  and  covered  on  each  side  with  balata,  dried  again,  folded  into 
the  number  of  plies  and  breadth  of  the  belt,  covered  on  the  outside 
with  guttapercha,  and  finally,  is  stretched  in  long  lengths  in 
order  to  render  it  as  inextensible  as  possible  under  working 
conditions. 

Any  required  length,  breadth,  and  thickness  of  belt  can  be  made 
in  this  way,  and  the  final  single  joint  may  be  so  neatly  scarfed, 
glued,  and  pressed  that  it  is  not  thicker  than  the  ordinary  belt  and 
nearly  as  strong  and  supple.  Or  Walker's  jump-joint  fasteners 
may  be  employed,  as  illustrated  by  the  accompanying  figures. 

Strength  of,  Working  Tension  in,  and  Horse  Power  transmitted 
by,  Belts. — The  ultimate  strength  of  ordinary  bark  tanned  single 
leather  belting  vai-ies  from  3,000  to  5,000  lbs.  per  square  inch  of 


WORKING   STRESS    OP    BELTS.  313 

cross-section.*  It  is,  however,  sometimes  considered  more  con- 
venient to  state  the  tenacity  6i  a  belt  in  lbs.  per  inch  of  width. 
The  thickness  of  single  belting  varies  from  y^^  to  j-g  inch,  and  from 
f  to  |-  inch  for  double  belting.  Taking  the  mean  thicknesses,  we 
may  say  that  the  breaking  stresses  are  from  : — 

750  to  1,250  lbs. 'per  inch  of  width  for  single  belts, 
and  1,500  to  2,500  „  „  double   „ 

It  is  found,  however,  that  the  strength  of  the  joints  is  sometimes 
only  about  one-third  of  the  strength  of  the  solid  leather.  Hence, 
the  final  strength  of  an  endless  belt  should  not  be  reckoned  at 
more  than  one-third  of  the  above  values.  Further,  the  safe  working 
tension  should  never  exceed  onefi/th  of  this  final  strength  (of  the 
joint),  in  order  to  provide  for  deterioration  and  sudden  changes 
of  load.  From  this  point  of  view,  we  thus  arrive  at  approxi- 
mate values  for  the  safe  working  tensions  by  taking  one-fifteenth 
(i.e.,  one-third  for  joint  and  one-fifth  for  factor  of  safety)  of  the 
breaking  stress  per  inch  of  width,  viz.  : — 

For  single  belting,  50  to    80  lbs. 
„    double      „      100  „  160    „ 

In  practice,  however,  the  rule  is  not  to  put  on  a  greater  tension 
than  50  Ibs.t  for  single,  and  80  lbs.  for  double  belts  per  inch  of 
width,  since  it  is  found  that  under  these  mild  conditions,  leather 
belts  run  for  many  years  with  a  minimum  of  lubrication  on  the 
bearings,  and  with  far  less  chance  of  heating  the  journals  or  stress- 
ing the  shafts. 

The  theoretical  safe  working  tension  per  inch  of  belt  width 
to  transmit  a  certain  power,  at  a  certain  speed,  without  slipping, 
may  be  arrived  at  from  another  point  of  view,  viz. : — By  ascer- 
taining the  coefiicient  of  friction  between  a  belt  and  its  pulley, 
and  substituting  the  same  in  the  formulae  i;iven  in  Lecfcs.VII,  and 
VIII.,  Vol.  I.,  from  which  it  will  be  seen,  that  the  power  which 
may  be  transmitted  by  a  belt  is  determined  by  the  difference 
between  the  tensions  of  the  driving  and  following  sides,  and  the 
speed  of  the  belt,  and  that  the  logarithm  of  the  ratio  of  these  ten- 

*  Messrs.  Tullia  &  Sons,  of  Glasgow,  claim  the  following  from  tests 
carried  out  at  Lloyd's  Proving  House : — 

For  their  orange  tanned  leather,  a  breaking  stress  of  8,244  lbs.  per  sq.  in., 
with  1  "3  per  cent,  elongation. 

For  the  best  oak  tanned  leather,  a  breaking  stress  of  5,746  lbs.  per  sq. 
in.,  with  3'8  per  cent,  elongation. 

t  Mr.  John  H.  Cooper,  in  his  Treatise  on  the  Use  of  Belting,  pp.  383,  384, 
tabulates  the  results  of  fifty-three  rules  for  the  H.P.  and  stress  transmitted 
by  belts,  and  also  arrives  at  the  above  mean  result  of  60  lbs.  per  inch  of 
width. 
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gions  is  proportional  to  the  coefficient  of  friction,  and  to  the  arc 
of  the  pulley  embraced  by  the  belt.* 

Example  I. — Referring  to  the  following  table,  we  see  that 
one  H.P.  can  be  transmitted  per  inch  of  width  of  belt,  when 
travelling  at  700  feet  per  minute.  Let  the  arc  embraced  by  the 
belt  be  180°  and  the  coefficient  of  friction  -25.  Find  the  tensions 
on  the  driving  and  slack  sides  of  the  belt,  and  their  difference. 

Let  Tjj  =  Tension  on  driving  side  in  lbs. 
„    T,  =  Tension  on  slack  side  in  lbs. 
„     V  =  Velocity  of  belt  in  feet  per  minute  =  700. 
„      /U.  =  Coefficient  of  friction  =  •25. 
„       i  =  Ratio  of  length  of  arc  of  contact  to  radius  of  pulley. 

(T.-T.)=5:^^^^^. 
Or.  T.-T.=  ^^i^=  47-2  lbs.    .     .(1) 


From  Lecture  VII.,  equation  (XI.),  we  get : — 

arc     _   ^  (2  «■  r) 


logs     ^     =    /i  < 


But,  6  = 


radius 


.-.  log,^  =  log^  X  4343  =  -25  x  31416  x  -4343=  -3411. 

J^  =  2-2.     Or,  Td  =  2-2  T,    .     .     (2) 

Inserting  this  value  in  equation  (1),  we  get : — 

2-2  T,  -  T,  =  47-2.     .-.  T,  =  39-3  lbs. 

And,  Td  =  47-2  +  T,       =  86-5  lbs. 

These  are  the  minimum  working  stresses  per  inch  width  of 
belt  which  must  be  applied  to  prevent  slipping  under  the  above- 
mentioned  conditions. 

*  For  a  description  of  Morin'a  experiments  on  the  tension  of  belts  made  at 
Metz  in  1834,  and  his  nse  of  this  formula,  see  Cooper  on  "  Use  of  Belting," 
Chap.  Vn, 
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Horse-power  that  Different  Leather  Belts  will  Transmit 
PER  Inch  in  Width  at  Various  Speeds. 

(By  A.  6.  Brown,  M.E.,for  Musgrave  <Ss  Go.) 


Velocity  of 
Belt  per 

ELIND 

OP  Belts. 

Best  Oak-tanned  Belts. 

Best  Link  or 

Chain  Belts. 

Minutes 

Single 
belts. 

Light 

Heavy 

double 

double 

1" 

i" 

1" 

}" 

i" 

1" 

belts. 

belts. 

Feet. 

HOBSE-POWBH  THEY  WILL  TRANSMIT. 

100 

•15 

■21 

•27 

•13 

•15 

•17 

•20 

•24 

■27 

200 

■30 

•42 

•55 

•25 

•29 

•35 

•40 

•47 

■55 

300 

•45 

•64 

•82 

•38 

•44 

•52 

•60 

•71 

■82 

400 

•61 

•85' 

1^09 

•51 

•68 

•69 

•80 

■95 

1^09 

500 

•76 

106 

1^36 

•64 

•73 

•86 

100 

M8 

1-36 

600 

•91 

1-27 

1-64 

■76 

•87 

104 

1-20 

142 

1^64 

700 

1^06 

1-49 

1-91 

•89 

1-02 

1-21 

1^40 

\-Q5 

191 

800 

1^21 

1^70 

218 

•92 

1-16 

1^38 

1^60 

r89 

2^18 

900 

1^36 

1-91 

2-45 

105 

1-31 

1^55 

1-80 

2^13 

2-45 

1000 

1-51 

2-12 

2-73 

127 

1^45 

1-73 

2^00 

2-36 

2^73 

1100 

167 

2-33 

3^00 

1-40 

reo 

1  90 

2^20 

260 

3^00 

1200 

1-82 

2-55 

3-27 

1-53 

1^75 

2  07 

2^40 

2^84 

3^27 

1300 

1^97 

2-76 

3 '55 

1-65 

r89 

2  25 

2-60 

3  07 

3-55 

1400 

2-12 

2-97 

3-82 

1'78 

2  04 

2-42 

2  •SO 

331 

3^82 

1500 

2-27 

3-18 

4^09 

1-91 

2^18 

2^59 

300 

355 

4^09 

1600 

2-42 

3-39 

4-36 

2  04 

2^33 

2^76 

3^20 

3-78 

4-36 

1700 

2^58 

3-61 

4^64 

216 

2^47 

2-94 

3^40 

4  02 

4^64 

1800 

2^73 

3-82 

4  91 

2-29 

262 
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3^60 

4^25 

4-91 

1900 

2-88 

4-03 

5^18 

2^42 

2-76 

3-28 

3^80 

4^49 

5^18 

2000 

3  03 

4-24 

5^45 

2-55 

2^91 

3-45 

400 

4-73 

5  45 

2100 

3^18 

4-45 

5-73 

2  •67 

3^05 

3  63 

420 

4-96 

5-73 

2200 

3-33 

4^67 

6^00 

2-80 

3-20 

3^80 

4-40 

5^20 

6^00 

2300 

3 '49 

4-88 

6-27 

2-93 

3  35 

3-97 

4  60 

5^44 

6^27 

2400 

3-64 

5  09 

6-55 

3  05 

3-49 

415 

4^80 

5  67 

6^55 

2500 

3-79 

5-30 

6  82 

3-18 

3-64 

4-32 

5  00 

591 

6-82 

2600 

3-94 

5^52 

7-09 

3^24 

3^78 

4-49 

5^20 

6^15 

7-09 

2700 

409 

5-73 

7-36 

3'28 

3-85 

4^66 

6^40 

6-38 

7^36 

2800 

4-24 

5-94 

7-64 

3-31 

3-86 

4^73 

5^60 

6-62 

7^64 

2900 

4-39 

615 

7^91 

3  32 

3-87 

4-78 

5^80 

6^85 

7^91 

3000 

4-50 

6^36 

8^18 

331 

3-86 

4^75 

5-97 

7-09 

8^18 

3100 

4  60 

6-58 

8-45 

3-30 

3-85 

4^73 

5^96 

7-33 

8^45 

3200 

4-69 

6-79 

8^70 

3-28 

3^82 

4-71 

594 

7^37 

8^73 

3300 

4-77 

7  00 

8-86 

3-24 

3-77 

4^70 

5-92 

7^35 

8^88 

3400 

4-84 

7^21 

8-96 

3  19 

3-71 

4^64 

5^87 

7-32 

8  •86 

3500 

4-90 

7-31 

9  06 

313 

3-61 

4-50 

5^78 

7-26 

8^80 

3600 

4-95 

7-40 

9^16 

3-05 

3-50 

4^37 

5^67 

7^16 

8^73 

3700 

4-99 

7^48 

9 '24 

2-96 

3-39 

4^26 

5^55 

7^01 

8^58 

3800 

5  03 

7^54 

9^29 

2^84 

3-28 

4-15 

5^41 

6^87 

8  41 

3900 

5-03 

7^60 

9-34 

2-72 

313 

4^02 

5  20 

6^70 

8^27 

4000 

5  08 

7^64 

9 '37 

2^58 

2  95 

3^84 

5  01 

6^48 

8-04 
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General  Requirements  for  Belting. — ^The  ultimate  strength  of  a 
belt  is,  however,  a  secondai-y  consideration,  since  it  is  so  very  much 
greater  than  the  noinnal  working  stress.  The  properties  of  greatest 
importance  are — (1)  straightness,  (2)  stretchlessness,  (3)  pliability, 
(4)  homogeneity,  (5)  uniformity  in  thickness,  (6)  good  flexible 
joints,  (7)  ease  of  repair,  (8)  endurance  or  longevity.  These  can 
only  be  determined  by  practical  experience.  Further,  the  very 
best  belting  cannot  be  expected  to  work  well  upon  pulleys  which 
are  unbalanced  or  out  of  truth  and  line,  or  which  are  too  close 
together.*  The  pulleys  should  be  as  far  apart  as  possible  and  their 
diameters  as  large  as  possible.  For  example,  at  Messrs.  Clark  <k 
Co.'s  thread  works  at  Paisley  there  are  pulleys  as  far  apart  as 
90  feet.  For  high  speeds  the  pulleys  should  have  little  or  no 
crowning;  for,  when  a  speed  of  about  3,000  feet  per  minute  is 
reached,  the  sides  of  the  belt  will  rise  up  from  the  face  of  a  heavily 
crowned  pulley  due  to  centrifugal  force,  and  thus  gisatly  diminish 
the  area  of  contact,  inducing  slipping,  wearing  of  the  belt,  and 
unsatisfactory  driving. 

Rope  Gearing. — The  transmission  of  power  is  frequently  accom- 
plished by  means  of  ropes  instead  of  belts.  In  addition  to  their 
other  advantages  mentioned  at  the  beginning  of  this  Lecture, 
ropes  seldom  give  way  without  due  warning  by  slackening  or 
fraying  in  one  or  more  of  the  strands,  thus  reducing  the  risk  of 
accident  and  stoppage  of  the  works  to  a  minimum.  The  working 
stress  in  the  ropes  being  but  a  small  fraction  of  their  breaking 
strength,  any  signs  of  weakness  in  an  individual  rope  would  allow 
it  to  be  removed  and  the  engine  run  with  the  remaining  ropes 
until  a  convenient  opportunity  is  offered  for  the  replacement  of  the 
weak  member.  Further,  their  comparative  slackness  between  the 
pulleys  facilitates  their  cancelling  any  small  irregularity  in  the 
motive  power. 

These  ropes  are  made  ol  manilla-hemp,  cotton,  leather,  and  raw 
ox  hide.  Hemp  ropes  are  preferred  to  cotton  ropes  for  main 
drives  with  large  pulleys  since  they  are  cheaper,  stronger,  and 
last  nearly  as  long  if  spun  with  a  soft  greased  core.  In  Messrs. 
J.  ife  P.  Coats'  great  thread  works.  Paisley,  cotton  ropes  are, 
however,  universally  employed.  They  are  made  "hawser  laid," 
from  the  best  "long  staple"  Egyptian,  white,  untarred  cotton. 
By  "  hawser  laid  "  is  meant  that  the  fibres  of  the  material  are  first 
spun   into  yarns   having  a  right-handed  tvnst.     These  yarns  are 

*  Mr.  Henry  A.  Mavor  in  his  reply  to  the  discussion  on  hia  paper 
"Belting  for  Machinery,"  read  before  the  Institution  of  Engineers  and 
Shipbuilders  in  Scotland,  states  that  (where  possible)  the  pulleys  should 
be  kept  apart  not  less  than  three  times,  and  not  more  than  four  times  the 
diameter  of  the  larger  pulley. 
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next  twisted  lefi-handedly  into  strands.  Lastly,three  such  strands 
are  twisted  together  right-handedly  so  as  to  complete  the  rope. ,  It 
will  be  noticed  that  when  the  strand  is  twisted  it  untwists  each  of 
the  threads,  and  that  when  the  three  strands  are  twisted  together 
into  rope  this  action  untwists  the  strands,  but  at  the  same  time 
re-twists  the  threads.  It  is  this  opposite  twist  that  serves  to  keep 
the  rope  in  its  proper  form.*  Cotton  ropes,  being  softer  and  more 
pliable  than  mauilla  ropes,  can  be  used  with  smaller  pulleys 
without  undue  injury  to  the  fibres.  This  is  also  considerably  aided 
by  the  natural  wax  in  the  structure  of  the  long  staple  variety 
which  acts  as  a  lubricant,  and  permits  of  greater  freedom  of  motion 
between  the  several  fibres.  The  life  of  a  good  cotton  rope  is 
usually  about  thirteen  years  if  properly  adjusted  and  well  treated. 

Sizes  of  Ropes  and  Pulleys. — The  size  and  number  of  ropes,  as 
well  as  the  least  diameter  of  pulley,  for  any  given  power,  are  point.s 
of  importance  and  should  be  considered  for  each  case. 

The  ropes  commonly  used  for  the  transmission  of  power  in 
factories  or  mills  vary  from  3  to  5  inches  in  circumference. 
No  matter  what  the  diameter  of  the  pulley  may  be,  ropes  of 
If  inches  diameter  should  not  be  exceeded  for  main  drives,  and 
1^  inches  diameter  for  secondary  drives.  The  diameter  of  the 
smallest  pulley  should  not  be  less  than  thirty  times  the  diameter 
of  the  rope,  as  the  larger  the  pulley  the  less  will  be  the  internal 
friction,  and  consequent  injury  to  the  rope  from  bending  and 
unbending  (see  the  following  table). 

Strength  of  Cotton  and  Hemp  Ropes. — The  ultimate  strength 
of  white  untarred  cotton  ropes  may  be  taken  at  9,000  lbs.  per 
square  inch  of  the  nett  sectional  area,  which  is  about  90  per  cent, 
of  the  area  of  the  circumscribing  circle.  The  normal  working  stress 
should  not  exceed  ^^  of  the  ultimate  breaking  stress,  or  say  300  lbs. 
per  square  inch,  although  ropes  are  frequently  worked  at  even  a 
less  tension.  Messrs.  Musgrave  &  Sons,  of  Bolton,  allow  a  working 
stress  of  about  300  lbs.  per  square  inch  of  sectional  area.  Of  this 
about  20  per  cent,  or  60  lbs.  is  absorbed  in  overcoming  back  tension, 
wedging  of  rope,  &c.,  leaving  240  lbs.  for  centrifugal  force  and 
transmission  of  power. 

The  following  table  from  The  Practical  Engineer  gives  useful 
data  regarding  these  points. 

The  ultimate  strength  oi  new  manilla  ropes  is  about  11,000  lbs. 
per  square  inch  of  the  nett  sectional  area,  which  in  a  three  stranded 
hawser  is  only  about  80  per  cent,  of  the  area  of  its  circumscribing 
circle.    The  necessary  lubrication,  however,  reduces  the  strength  by 

*  See  The  Practical  Engineer  of  June  22,  1894,  p.  486,  &o.,  for  "Notes 
op  the  Mwiiifaoture  of  Ropes,"  by  W.  C.  Popplewell,  M.Sg. 
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20  to  30  pel  cent.,  but  the  lubrication  of  the  fibres  is  of  much 
greater  importance  than  the  actual  breaking  stress.  The  greater 
treedom  of  movement  amongst  the  fibres  permits  a  heavier  working 
stress  to  be  carried,  and  ensures  a  much  longer  life ;  for  a  pro- 
perly lubricated  manilla  rope  will  outlast  from  two  to  four  similar 
dry  laid  ropes  working  under  the  same  conditions.  There  are 
many  ways  of  lessening  the  internal  friction  ;  one  of  the  best  being 
that  of  coating  the  several  yarns  with  a  mixture  of  black  lead  and 
tallow  prior  to  twisting  the  same  into  strands.  Under  favourable 
conditions,  when  thus  treated,  it  is  practically  waterproof,  and  will 
last  for  about  eight  years. 


Cotton  Dmvinq  Ropes 

AND  Pullets. 
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Splicing  Ropes. — The  splicing  of  ropes  is  a  matter  of  great  im- 
portance, and  should  never  be  left  to  unskilled  hands.  In  order 
to  secure  a  sufficiently  strong  joint  its  length  requires  to  be 
from  forty  to  fifty  times  the  diameter  of  the  rope,  or  say  from 
6  to  7  feet  for  main,  and  from  4  to  5  feet  for  secondary  drives. 
The  different  strands  should  be  neatly  interlocked,  so  that  the 
thickness  of  the  rope  is  not  increased.  The  strength  of  a  good 
splice  is  only  about  70  per  cent,  of  that  of  the  rope. 

Rope  Pulleys. — The  pulleys  used  for  rope  gearing  are  made  with 
V-shaped  grooves  around  their  rims,  as  shown  by  the  accompanying- 
figures. 

The  sides  of  the  grooves  usually  make  an  angle  of  45°  with  each 
other.  The  ropes  must  never  be  allowed  to  rest  on  the  bottom  of 
the  grooves,  but  only  on  the  sides,  as  shown.     They  are  thus 
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wedged  into  the  grooves,  and  the  resistance  to  slipping  is  thereby 
greatly  increased.  This  has  the  effect,  however,  of  producing 
greater  wear  and  tear  of  the  ropes.  In  the  case  of  guide 
pulleys,  the  rope  should  always  rest  on  the  bottom  of  the 
groova 
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Section  op  Gkooves  for  Rope  Pulleys. 

The  following  table  gives  the  proportions  of  grooves  of  the  form 
shown  in  the  above  figure,  for  ropes  from  ^  inch  diameter  to  2^ 
inches  diameter : — 


Pkoportions  of  Geoovks  for  Rope  Pulleys. 
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In  the  case  of  belts  running  on  flat-rimmed  pulleys,  we  have 
seen  that  .siithcient  ailhesiou  to  prevent  slipping  between  the  belt 
and  pulleys  is  obtained  by  stretching  the  belt  over  the  pulleys  with 
an   initial  tension.      But  with   ropes,   it  is  found   that   smoother 
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Special  Form  ok  Kope  Pulley  by  Watson,   Laiulaw  &  Co. 

working  and  less  wear  and  tear  take  place  when  the  rope  is  put 
on  the  pulleys  with  as  little  initial  stress  ae  possible.  Hence  the 
reason  for  increasing  the  frictional  resistance  between  the  rope  and 
its  pulleys,  by  allowing  the  rope  to  wedge  itself  into  the  grooves 
in  the  pulley  rims.     The  necessary  pressure  between  the  rope  and 
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the  sides  of  the  grooves  to  ensure  sufficient  frictional  adhesion  at 
the  commencement  of  motion,  is  simply  that  due  to  the  weight  of 

the  hanging  parts  of 
the  ropes  between  the 
pulleys.  The  pulleys 
should,  therefore,  be 
large,  and  be  placed  at 
a  sufficient  horizontal 
distance  apart,  so  as  to 
have  the  arcs  of  con- 
tact between  the  rope 
and  the  pulleys  as  great 
as  possible. 

The  accompanying 
figure  shows  the  con- 
struction of  a  large  rope 
flywheel,  in  which  the 
wrought -iron  bolt,  B, 
connects  the  grooved 
rim,  Gr  R,  with  the 
wheel  boss,  WB,  and 
thus  receives  the  tensile 
stress  due  to  centri- 
fugal action  on  G-  R. 

In  horizontal  drives, 
the  tight  side  of  the 
rope  should  always  be 
in  contact  with  the 
lower  parts  of  the  pul- 
leys, and  the  slack  side 
above,  so  as  to  obtain 
a  maximum  arc  of  con- 
tact between  the  rope 
and  the  pulleys,  as 
shown  by  the  following 
Section  or  Large  Eope  Pulley.  right-hand  figure. 
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Index  to  Paets. 


W  B  for  Wheel  boss. 
SO   ,,  Steel  cotters. 
B  „  Wrought-iron 
buit. 


A  for  Arm. 
G  B,    „  Grooved  rim. 
B  B    „  Barring  rack. 
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If  the  drive  be  vertical,  then  the  rope  may  require  a  tightening 
pulley,  in  order  to  insure  sufficient 
frictional  resistance  between  it  and  /.^r^ 

the  under  side  of  the  lower  pulley,  I  3  O  j 

as  shown  by  T  P  in  the  right-hand 
figure.  A  tightening  pulley 
naturally  shortens  the  life  of  the 
rope. 


HoEizoNTAi  Rope  Drivino. 


Vektical  Rope  Dbivino. 


Multigroove  Rope  Drives. — Where  great  power  has  to  be  trans- 
mitted it  is  neither  convenient  nor  advisable  to  use  very  thick 
ropes.  The  usual  practice  is  to  have  a  number  of  ropes  running 
in  parallel  grooves  on  one  large  pulley  or  wheel.  The  grooves  in 
each  pulley  must  be  of  the  same  size  and  depth,  and  all  the  ropes 
of  the  same  thickness.  They  should  also  be  stretched  as  equally 
as  possible  between  the  pulleys.  These  conditions  are  necessary 
to  prevent  some  of  the  ropes  being  more  severely  strained  than 
others.     Since  ropes  stretch,  it  is  advisable  to  put  them  all  on  at 


GROOVED  [i:rwflcEU 
MnLTiGEOovE  Rope  Drive  with  one  Rope  and  Guide  Pulley. 

the  same  time  when  they  are  intended  to  work  on  the  same  pair 
of  pulleys.  In  certain  cases,  such  as  when  driving  an  alternator 
and  its  exciter,  a  single  rope  is  used  with  a  guide  pulley  and 
facilities  for  sliding  the  machines  towards  or  away  from  the  driving 
pulley,  as  shown  by  the  figure,  or  the  guide  pulley  may  also  be 
used  independently  for  tightening  the  rope. 
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HORSB-POWEE  THAT   GoOD   CoTTOK    DRIVING    RoPES   WILL  TRANSMIT 

AT  Various  Speeds.* 
{BifA.  O.  Brown,  M.E.,for  Musgrave  ds  Go.) 


Velocity 
in  Feet 

per 
Minute. 


600 
700 
800 
900 
1,000 
1,100 
1,200 
1,300 
1,400 
1,500 
1,600 
1,700 
1,800 
1,900 
2,000 
2,100 
2,200 
2,300 
2,400 
2,500 
2,600 
2,700 
2,800 
2,900 
3,000 
3,100 
3,200 
3,300 
3,400 
3,500 
3,600 
3,700 
3,800 
3,90,0 
4,000 
4,100 
4,200 
4,300 
4,400 
4,500 
4,600 
4,700 
4,800 
4,900 
5,000 


Diameter  of  Ropes  m  Inohes. 


i" 


r 


li" 


ij" 


li" 


HOKSE-POWEK  THEY  WILL  TRAHSMIT. 


2" 


•84 

1^30 

191 

2-60 

3  43 

5-30 

7-69 

10-40 

•98 

1-52 

2^23 

3-03 

4-00 

6-18 

8-96 

12-12 

M2 

1^73 

2-54 

3-45 

4-56 

7-05 

10-22 

13-82 

1^26 

1-94 

2^86 

3-88 

5-12 

7-92 

11-48 

16-52 

^39 

2^15 

316 

4-.30 

5-67 

8-76 

12-72 

17-18 

1-53 

2-35 

3-47 

4-71 

6-22 

9-61 

13-94 

18-83 

1^66 

2-56 

3-77 

5^12 

6-76 

10-44 

15-15 

20-47 

1^79 

2  •76 

4^07 

553 

7-29 

11-27 

16-35 

22-10 

1-92 

2  96 

4^36 

5-93 

7-83 

12-10 

17-55 

23-72 

2^05 

3^16 

4^65 

6-32 

8-34 

12-89 

18-70 

25-27 

2-18 

3-36 

4-94 

6-74 

8-86 

13-70 

19-88 

26-86 

2-30 

3  55 

5-22 

7-10 

9-37 

14-48 

21-01 

28-39 

242 

3  74 

5-50 

7-47 

9-86 

15-25 

22-12 

29-89 

2  54 

3  92 

5-76 

7-83 

10-34 

15-97 

23-18 

31-32 

2-66 

4  10 

6^03 

8-20 

10-82 

16-72 

24-26 

32 -79 

2^77 

4-27 

6-29 

8-54 

11-28 

17-43 

25-29 

34-17 

2-88 

4^45 

6^55 

8-90 

11-75 

18-16 

26-35 

35-60 

2-99 

4^62 

6-80 

9-24 

12-19 

18-84 

27-34 

36-94 

3^10 

4-78 

7-04 

9-56 

12-62 

19-51 

28-31 

38-26 

3-20 

4^94 

7-28 

9-89 

13-05 

20-17 

29-26 

39-55 

3^30 

5-09 

7-50 

10-18 

13-44 

20-77 

30-14 

40-73 

3-39 

5-24 

7-71 

10-48 

13-83 

21-37 

31-00 

41-90 

3 '48 

5  38 

7-92 

1 0-75 

14-20 

21-94' 

31-84 

43-02 

3-57 

5-51 

8-12 

11-03 

14-56 

22-50 

32-64 

44-11 

3  66 

5-65 

8-31 

11^30 

14-91 

23-04 

33-44 

45-18 

3^74 

5-78 

8-50 

11-56 

15-25 

23-57 

34-20 

46-22 

3-83 

5-90 

8-69 

11-81 

15-59 

24-09 

34-95 

47-23 

3-90 

6-01 

8-85 

12-02 

15-87 

24-53 

35-39 

48-10 

3-96 

6^12 

9-01 

12  23 

16-15 

24-96 

36-21 

48-94 

4-03 

6-22 

9^15 

12-44 

16-42 

25-37 

36-81 

49-75 

4-09 

6^31 

9-29 

12-63 

16-67 

25-76 

37-38 

50-51 

415 

6-41 

9  43 

12-81 

16-91 

26-13 

37-92 

51-24 

4^20 

6^48 

9-53 

12-95 

17-10 

26-43 

38-35 

51-82 

4 '25 

6-56 

965 

1312 

17-32 

26-76 

38-83 

52-48 

4^29 

6^62 

9-75 

13-24 

17-48 

27-01 

39-20 

52-97 

4^33 

6-68 

9-83 

13-36 

17-63 

27-25 

39-53 

63-42 

4-36 

6^73 

9^91 

13-46 

17-77 

27-46 

39-84 

53-84 

4^39 

6-78 

9^98 

13-55 

17-89 

27-65 

40-11 

54-21 

4^41 

6-80 

10-01 

13-60 

17-95 

27-75 

40-26 

54-40 

4-42 

6-82 

10-04 

13-64 

18-00 

27-82 

40-36 

64^55 

4-43 

6-83 

10-06 

13-66 

18-03 

27-87 

40-44 

64-64 

4-43 

6-84 

10-07 

13-67 

18-05 

27-90 

40-48 

54-70 

4 '43 

6-84 

10-07 

13-67 

18-05 

27-90 

40-48 

54-70 

4-43 

6^83 

10  06 

13-66 

18-03 

27-87 

40-44 

54-64 

4^41 

6^80 

10-01 

13-60 

17-95 

27-74 

40-25 

54-40 

13-52 
15-75 
17-96 
20-17 
22-34 
24 '48 
26-61 
28-73 
30-83 
32-86 
34-92 
36-90 
38-85 
40-71 
42-62 
44-42 
46-29 
48-03 
49-73 
51-41 
52-96 
54-47 
55-93 
57-35 
58-74 
60-08 
61-40 
62-53 
63-62 
64-67 
65-66 
66-62 
67-36 
68-22 
68-86 
69-44 
69-99 
70-47 
70-72 
70-91 
71-04 
71-10 
71-10 
71-04 
70-70 


*  In  practice,  Messrs.  Clark  iSs  Co.  of  Paisley  find  these  powers  to  be  rather  high  tor  the 
l^ger  ropes.  IFor  example,  they  only  allow  35  to  40  H.F.  for  a  l}-incb  ootton  rope  at 
^,600  feet  per  minute. 
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Speed  of,  and  Horse-Power  Transmitted  by,  Ropes.— The  speed 
of  ropes  is  generally  very  high,  being  from  3,000  to  5,000  feet 
per  minute.  The  usual  or  average  speed  may  be  stated  to 
be  about  4,500  feet  per  minute,  although  some  engineers  have 
used  as  high  as  5,600  with  advantage.  The  preceding  table  shows 
the  power  which  good  cotton  ropes  will  transmit  at  various 
speeds. 

Power  Absorbed  by  Bope  Driving. — It  is  stated  by  some  engineers 
that  rope  gearing  absorbs  10  per  cent,  less  power  than  toothed 
gearing.  I  am  assured,  however,  that  this  is  an  error,  for  well 
designed  and  well  applied  tooth  gearing  consumes  little  more  than 
4  per  cent.,  belts  from  5  to  5^  per  cent.,  and  ropes  about  7  per  cent. 

Telodynamic  Transmission.* — The  successful  transmission  of 
power  by  round  endless  wire  ropes  commences  where  a  belt,  or 
cotton  and  hemp  ropes,  would  be  too  long  to  be  used  profitably 
{i.e.,  say  about  50  feet  between  the  driver  and  follower  for  belt- 
ing and  100  feet  for  ordinary  ropes),  and  ends  economically  at 
distances  of  from  10,000  to  13,000  feet.  For,  the  efficiency  rapidly 
decreases  as  the  distance  increases,  being. about  95  per  cent,  for 
100  yards,  90  per  cent,  for  500  yards,  and  only  60  per  cent,  for 
5,000  yards  under  the  most  favourable  conditions. 

This  system  has  been  much  more  extensively  employed  on  the 
Continent  than  in  this  country,  although  the  author  has  seen 
numerous  instances  of  its  adoption  in  Scotland,  and  in  Orkney, 
for  driving  ordinary  thrashing  mills  where  the  water  power  was 
down  in  a  hollow  and  removed  from  the  steadings  about  200 
to  400  yards.  Messrs.  Bochling  and  Trenton,  N.  J.,  state,  that  in 
point  of  economy,  this  system  costs  only  about  Jj-  of  an  equivalent 
amount  of  belting  and  -^  of  shafting.  This  is  not  to  be  wondered 
at,  since  steel  wire  ropes  are  cheap  and  strong,  and  can  be  run  at 
very  high  speeds  so  that  great  power  may  be  transmitted  by  them 
with  comparatively  light  gearing.  The  range  in  the  size  of  the 
cables  used  is,  however,  small,  for  the  employment  of  a  large  wire 
rope  means  self  destruction  and  loss  of  power  due  to  its  bending 
and  unbending  over  the  pulleys ;  and  further  loss  of  power  due  to 
moving  it  at  the  required  velocity  over  great  distances.  For 
example,  a  rope  of  f  inch  diameter  will  transmit  20  H.P.  or  less, 
and  a  1-inch  rope  300  H.P.,  whereas  a  1^-inch  one  would  not 

*See  Chapter  VIII.  of  the  fourth  edition  of  a  Treatise  On  iht  Vie  of 
Belting,  by  John  H.  Cooper  (Edward  Meeks,  Walnut  Street,  Philadelphia, 
or  E.  &  F.  Spon,  London,  1891) ;  Elements  of  Machine  Design,  by  Prot 
W.  C.  Unwin  (Longmans,  Green  &  Co.,  London) ;  also  the  Howard 
Lectwres,  by  Prof.  Unwin,  Society  of  Arts  Journal,  1893,  where  an  in- 
teresting account  is  given  of  the  rise  and  progress  of  Telodynamic  Trana- 
mission  as  well  as  details  of  the  latest  practice. 


TELODYNAMIC  TRANSMISSION. 
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successfully  transmit  any  more  power,  with  the  same  speed  and 
size  of  pulleys  and  the  same  extreme  distance,  owing  to  its  greater 
stiffness  and  weight. 

The  first  of  the  following  figures  shows  a  single  span  with  the 
slack  part  of  the  rope  uppermost : — 


Single  Span. 

The  second  also  represents  a  single  span  but  with  the  slack  part 
below  and  supported  in  the  middle  by  a  guide  pulley. 


Span  with  Single  Supporting  Pullet. 

When  the  length  of  a  span  is  great,  and  the  height  of  the 
pulleys  not  sufficient  to  prevent  the  rope  trailing  on  the  ground, 
it  may  be  supported  in  the  manner  shown  in  the  third  figure. 


Single  Span  with  Multiple  Supporting  Pullets. 

When  the  power  has  to  be  conveyed  over  a  very  great  distance, 
it  is  advisable  to  split  up  the  length  into  intermediate  stations  or 
"  relays,"  each  relay  being  worked  by  a  separate  rope,  as  shown  by 
the  following  figure.    The  pulleys  at  the  relays  are  double  grooved, 


o 


FOLLOWER 


RELAY  RELAY 

Independent  Spans. 


DRIVER 


so  that  the  two  ropes  run  together  ou  the  same  pulley.      The 
length  of  a  relay  may  be  from  400  to  500  feet,  with  guide  pulleys 
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every  60  or  60  feet.  A  good  example  of  this  is  to  be  found  at 
Schaffhausen  on  the  Rhine,  where  about  650  horse-power  are 
transmitted  through  a  distance  of  2,700  feet  to  twenty-three 
customers,  where  a  small  rope  of  1-inch  diameter,  moving  at 
62  feet  per  second,  transmits  280  horse-power. 

Pulleys. — Since  bending  is  more  injurious  to  wire  ropes  than 
those  made  of  hemp  or  cotton,  it  is  necessary  to  use  very  large 
pulleys  with  the  former.  This 
not  only  diminishes  the  damage 
done  to  the  cable,  but  also  the 
power  expended  in  bending 
and  unbending  the  rope. 
Further,  the  arcs  of  contact 
should  be  as  large  as  possible, 
in  order  to  secure  sufficient 
frictioual  resistance  between 
the  rope  and  the  pulleys. 
Wire  ropes,  unlike  hemp  or 
cotton  ones,  must  not  be 
pressed  laterally  against  the 
sides  of  the  V-shaped  grooves, 
but  allowed  to  rest  on  the 
bottom.  The  grooves  for  wire 
ropes  are  much  wider  than 
those  for  hemp  or  cotton  ropes, 
and  it  is  necessary  to  line  the 
bottom  of  the  grooves  with 
some  material  softer  than  iron, 
such  as  wood,  guttapercha,  old 
rope,  tarred  oakum,  or  leather, 
so  as  to  protect  the  rope,  and 
increase  its  resistance  to  slip- 
ping.   The  last  material  is  most 

extensively  used  for  this  purpose.  The  leather  is  cut  into  sections 
of  the  dove-tailed  shape  shown  shaded  dark  in  the  figures  on  the 
next  page,  and  set  in  on  end  around  the  rim.  Scrap  leather,  cut 
from  old  shoes  or  pieces  of  belting,  does  very  well,  but,  being 
very  thin,  it  takes  at  least  a  thousand  of  them  for  a  7-foot  wheel. 
When  many  are  wanted,  it  is  worth  while  to  make  a  die  to  cut 
them  out  accurately  and  quickly.  This  is  the  most  durable  filling 
that  can  be  made,  but  it  is  reported  that  even  leather  does  not 
last  more  than  six  months'  continuous  work.*  The  guide  or  sup- 
porting pulleys  do  not  require  to  be  lined  in  this  way. 

*  It  occurs  to  the  author  that  compressed  brown  paper  might  make  a 
good  lining  for  the  bottoms  of  the  grooves  of  these  wire-rope  pulleys. 


Large  Pulley  por  Wire  Ropes. 


PULLEVS  FOE  WIRE  ROPES. 
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THie  ropes  used  for  telodynamic  transmission  are  generally  made 
of  steel  wires.  There  are  usually  six  strands  in  each  rope.  Each 
strand  is  composed  of  six  wires  twisted  around  a  hempen  core, 
and  these  six  strands  are  then  laid  around  a  central  hempen 
core.  As  with  hemp  or  cotton  ropes,  the  strands  are  twisted 
in  the  opposite  direction  to  the  wires  composing  them.     Knally, 


Single  Groove. 


Double  Groove  for  Belays. 


the  rope  is  protected  from  oxidation  by  a  coating  of  boiled  linseed 
oil.  Considerable  trouble  is  caused  by  the  stretching  of  these 
cables,  but  this  may,  to  a  large  extent,  be  prevented  by  passing 
them  (before  use)  between  grooved  compression  rollers,  which 
kills  this  tendency  to  stretch,  although,  at  the  same  time,  it  of 
necessity  slightly  diminishes  their  diameter. 

The  splicing  of  these  ropes  must  be  done  by  a  practised  hand,  in 
order  that  the  splices  may  not  be  distinguishable  in  size,  strength, 
and  appearance  from  the  factory  made  cable.  The  splices  should 
be  of  such  a  length — say  20  to  30  feet  for  l-iiicli  ropes — that  the 
friction  between  the  interlaid  wires  may  easily  withstand  the 
tension. 

These  wire  ropes,  when  at  work,  are  subjected  to  three  different 
stresses — (1)  the  longitudinal  tension  due  to  the  power  transmitted 
and  their  own  weight,  (2)  the  bending  stress  when  passing  over 
the  pulleys,  and  (3)  the  centrifugal  stress.  As  a  rule,  the  longi- 
tudinal tension  on  the  tight  side  is  made  twice  that  on  the  slack 
side,  and  the  diameter  of  the  pulleys  is  so  chosen  that  the  bending 
stress  is  about  equal  to  the  maximum  longitudinal  stress.  The 
centrifugal  stress  is  usually  neglected,  unless  the  velocity  of  the 
ropes  is  exceptionally  great.  The  working  tension  is  seldom 
greater  than  15,000  lbs.  per  square  inch  of  section,  although  the 
steel  wires  composing  the  same  withstand  from  70  to  100  tons  per 
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square  inch.*  The  life  of  these  ropes  does  not  appear  to  be  much 
more  than  one  year  when  working  continuously ;  consequently, 
it  is  found  advisable  to  keep  a  spare  rope  spliced  and  ready  for 
action  in  case  of  accident. 

Wire  Rope  Haulage  and  Transport.—  Although  this  large  subject 
naturally  follows  what  has  been  said  on  telodynamic  transmission, 
there  is  neither  space  nor  time  for  a  full  treatment  of  the  question 
in  this  book.  Consequently,  we  must  refer  students  who  may 
desire  to  pursue  this  subject  to  those  books  and  papers  wherein 
the  different  systems  are  described  and  discussed,  f  The  various 
Rope  Tramways  to  be  met  with  in  San  Francisco,  Chicago,  New 
York,  Melbourne,  London,  and  Edinburgh  are  excellent  examples 
of  fast  speed  rope  haulage.  These  instances  are,  however,  excelled 
as  fiir  as  speed  and  distance  are  concerned  by  the  District  Subway 
of  Glasgow.  Here,  there  are  two  parallel  circular  iron  tunnels,  each 
6  J  miles  long,  with  thirteen  stations.  Through  these  run  seven  trains 
of  two  cars  each,  at  a  speed  of  between  18  and  20 'miles  per  hour. 
These  trains  are  worked  by  an  endless  steel  wire  rope  kept  in  con- 
tinuous motion  by  stationary  engines  coupled  to  grooved  drums 
and  the  necessary  accessories.  When  about  to  leave  a  station,  all 
that  the  train  driver  has  to  do  is  to  bring  the  cable-grip  into  action 
with  the  moving  rope,  and  when  arriving  at  one  he  has  simply 
to  disengage  it  and  apply  the  brake,  as  may  be  seen  from  the 
accompanying  figures.  J 

•  See  Paper  on  "Wire  Bopes,"  by  A.  S.  Biggart.  Proceedings  of  the 
Institvie  of  Civil  Engineers,  vol.  oi.,  p.  231,  1889-90. 

tSee  Paper  on  "The  Monte  Penna  Wire  Ropeway,"  by  W.  P.  Church- 
ward.    Proc,  Inst.  GivU  Engineers,  vol.  bciii. ,  p.  273. 

Paper  on  "Three  Systems  of  Wire  Rope  Transport,"  by  W.  T.  H. 
Carrington.     Proc.  Inst.  Civil  Engineers,  voL  btv. ,  p.  299. 

Paper  on  "Wire  Rope  Street  Railways  of  San  Francisco  and  Chicago," 
by  W.  Morris.     Proc.  Inst.  Civil  Engineers,  vol.  Ixxii. ,  p.  210. 

Paper  on  "The  Temple  Street  Cable  Railway,  Los  Angelos,  CaUfomia,'' 
by  F.  W.  Wood  and  H.  Hawgood.  Proc.  Inst.  Civil  Engineers,  vol.  cvii., 
p.  323. 

Street  RaAlways :  Their  Construction,  Operation,  and  Maintenance,  by  C. 
B.  Fairchild  (The  Street  Railway  Publishmg  Co.,  World  BuUdings,  New 
York). 

t  These  two  figures,  and  the  one  of  a  "Mnltigroove  Rope  Drive"  for 
one  rope  and  guide  pulley,  were  kindly  provided  by  the  Institution  of 
Civil  Engineers  with  the  approval  of  the  Council. 
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The  gripper  attachment  is  fixed  to  the  end  of  the  shank,  B, 
■which  is  a  flat  bar  of  iron  5  J  inches  wide  by  |  inch  thick,  working 


Cross  Skotion  of  Cab  and  Grippbr. 
WiRB-RoPB  Street  Railroads  in  San  Francisco  and  CmoAoa 

through  a  longitudinal  slot.      This  gripper,   A,  consists  of  two 
pairs  of  small  sheaves  about  3^  inches  in  diameter,  and  placed  at 
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Lboturb  XV. — Questions. 

1.  Under  what  respective  oiroumstances  would  you  use  belt,  rope,  and 
chain  gearing,  and  state  the  advantages  and  disadvantages  of  each  ? 

2.  Explain  how  the  best  leather  belts  are  made  and  spliced. 

3.  What  is  meant  by  "  compound  "  belting?  For  what  reasons  is  it  pre- 
ferred to  "double"  or  "treble"  belting? 

4.  Give  a  short  description  of  "chain,"  "Victoria,"  and  "composite 
guttapercha"  belting.  State  their  respective  advantages  and  disad- 
vantages. 

5.  The  tension  on  the  slack  side  of  a  belt  is  half  that  on  the  tight  side. 
The  limiting  tension  is  40  lbs.  for  each  inch  in  width  of  the  belt.  Find  the 
breadth  of  the  belt  to  transmit  40  horse-power  from  a  pulley  3  feet  in 
diameter  making  100  revolutions  per  minute.     Ana.  70  inches. 

6.  A  belt  transmits  35  horse-power  when  moving  at  3,300  feet  per 
minute.  Find  the  net  driving  tension.  If  the  coefficient  of  friction  be  '3, 
and  the  belt  embraces  half  the  circumference  of  the  pulley,  find  the 
tensions  on  the  driving  and  slack  sides  respectively.  What  width  of  belt 
would  you  use  ?    Ans.  350  lbs.;  575  lbs. ;  225  lbs.;  11 '5  inches. 

7.  Explain  the  construction  of  cotton  and  hemp  ropes  for  driving 
machinery,  and  give  their  respective  strengths  and  advantages. 

8.  Sketch  a  section  of  the  rim  of  a  rope  pulley  for  a  1-inch  rope,  marking 
all  the  dimensions. 

9.  What  is  "  Telodynamio  Transmission  of  Power  ? "  How  is  it  applied 
for  short  and  long  distances  ?  Give  sections  and  description  of  the  ropes, 
and  of  the  single  and  double  grooved  pulleys  used  in  this  system. 

10.  Describe  the  machinery  employed  in  the  manufacture  of  wire  ropes, 
and  give  a  detailed  account  of  the  process  of  constructing  a  wire  rope. 
With  the  aid  of  sketches,  describe  how  the  ends  of  such  a  rope  are  secured 
so  that  its  full  strength  may  be  utilised  (Sc.  &  A.  Hons.  Mach.  Cons.  Exam., 
1895).  (See  Mr.  Smith's  paper  in  the  Proc.  Mech.  Eng.  1862,  and 
Unwin's  Machine  Design,  part  I.) 

11.  Give  a  sketch  and  short  description  of  tramway  rope  haulage. 

12.  Answer  only  one  of  the  following,  A,  B,  C,  or  J) : — A.  A  bevil-wheel, 
revolving  at  93  revolutions  per  minute,  40  cogs,  2-inch  pitch,  5-inch  face, 
drives  a  mortise  wheel  at  120  revolutions ;  sketch  the  wheels  in  section, 
roughly  correct  as  to  the  scales  of  the  various  parts.  B.  Describe  how  the 
above  gearing  may  be  replaced  by  rope  gearing.  0.  Describe  an  escape- 
ment of  a  clock  or  watch.  State  exactly  how  it  gives  the  impulse  to  the 
pendulum  or  balance.  D.  Describe  four  well-known  mechanisms  based  on 
the  slider-crank-ohain.     (S.  &  A.  Adv.  Exam.,  1897.) 

Ans.  19x*T  inches  and  9,5^^  inches. 

13.  Make  a  section  of  a  flywheel  rim  suitable  for  rope  driving.  If  22 
ropes  are  used  to  transmit  450  H.P.,  the  diameter  of  the  flywheel  being 
23  feet,  and  the  revolutions  of  the  crank  shaft  73  per  minlite,  find  the  effec- 
tive pull  in  each  rope.     (C.  &  G.,  19U0,  0.,  Sec.  A.) 

14.  The  difference  of  tensions  on  the  tight  and  slack  side  of  a  belt  which 
drives  a  30-inch  pulley  being  750  lbs.,  what  H.P.  is  being  transmitted  to 
the  shaft  on  which  this  pulley  rims,  if  it  makes  120  revolutions  a  minute? 

(C.  &  G.  1901,  0.,  Sec.  A.) 

15.  The  lap  of  n  belt  on  a  pulley  is  6  radians  ;  the  coefficient  of  friction 
is  /u  ;  the  belt  has  to  transmit  the  horse-power  H.P. ;  how  do  we  find  the 
section  of  belt  necessary?    Prove  your  rule.     (B.  of  E.,  S.  3,  1908.) 
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Lbotuee  XV.— a. M.Inst. C.E.  Exam.  Questions. 

1.  A  main  shaft  carries  a  pulley  4  feet  in  diameter,  and  drives  on  to  a 
2-foot  pulley  on  a  countershaft  by  means  of  a  leather  belt  6  inches  wide. 
Assuming  the  belt  to  work  at  a  maximum  tension  of  75  lbs.  per  inch  of 
width,  calculate  the  horse-power  which  can  be  transmitted  when  the  main 
shaft  makes  200  revolutions  per  minute.  Assume  the  ratio  of  the  maximum 
to  the  minimum  tension  to  be  1"8.     (I.C.E.,  Oct.,  1906.) 

2.  Give  a,  sketch  of  what  you  would  consider  a  suitable  groove  for 
a  hemp  rope  1^  inches  in  diameter.  Show  that,  if  /^  is  the  coefficient  of 
friction  for  a  rope  on  a  plain  pulley,  and  a  is  the  angle  of  inclination 
of  the  sides  of  the  groove,  the  resistance  to  slipping  in  the  groove  is  that 
appropriate  to  a  plain  pulley  for  which  the  coefficient  of  friction  is  n 

a 

cosec  -.     A  rope  pulley  carrying  20  ropes  is  8  feet  in  diameter  and  has  0'5 

of  its  circumference  embraced  by  each  rope ;  it  is  revolving  at  150  revolu- 
tions per  minute.  Find  the  horse-power  transmitted  under  the  following 
conditions,  disregarding  the  effect  of  centrifugal  force. 

Coefficient  of  friction  /*  =  0'28 ;  cosec  ^  =  2 '6. 

_,  ,       maximum  tension        „  „  «  „  f  fraction  of  circumfer- 

Common  log^ -. —. — = — tj-  =  2-7  u  cosec  k  x  i  ,         , 

tension  on  slack  side  2       1      ence  embraced. 

Maximum  tension  =  200  lbs.  per  rope.     (I.C.E.,  Oct.,  1907.) 

3.  A  belt  is  strained  over  a  pulley,  and  is  on  the  point  of  slipping.  The 
angle  embraced  by  the  belt  is  a".  The  coefficient  of  friction  is  m,  and  the 
tensions  in  the  belt  are  Tj  and  T2,  the  latter  being  the  greater.  Find  an 
expression  connecting  these  four  quantities.     (I.O.E.,  Fd>.,  1908.) 

4.  Describe  some  form  of  chain  gearing  with  which  you  are  acquainted, 
suitable  for  transmitting  power  to  the  driving  wheels  of  a  motor  vehicle, 
giving  full  details.     (I.C.E.,  Feb.,  1908.) 

Note. — See  Prof.  Unwin's  Machine  Design,  vol.  i.,  latest  Edition.  Also, 
Prof.  Cotterill's  Applied  Mechanics. 
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LECTURE  XVI. 

Contents.— Velocity-Ratio  witli  Belt  and  Rope  Transmission — gxample  1 
— Velocity-Ratio  in  a  Compound  System  of  Belt  Gearing — Example  II. 
— Length  of  a  Crossed  Belt — Examples  III.  and  IV. — Length  of  an 
Open  Belt — Examples  V.  and  VI. — Frictional  Resistance  between  a 
Belt  or  Rope  and  its  Pulley — Frictional  Resistance  between  a  Rope  and 
a  Grooved  Pulley—"  Slip  "or  "  Creep  "  of  Belts  due  to  Elasticity- 
Horse-power  Transmitted  by  Belt  and  Rope  Gearing — Examples  VII. 
and  VIII. — Influence  of  Centrifugal  Tension  on  the  Strength  of  High- 
Speed  Belts  and  Ropes — Example  IX. — Questions. 

Velocity-Ratio  with  Belt  and  Rope  Transmission. — It  is  shown 
in  our  elementary  treatise  that  when  two  pulleys  of  diameters, 
Dj,  Dj,  are  connected  by  a  belt  or  rope,  their  angular  velocity- 
ratios  are  inversely  as  their  diameters — i,e.,  if  Nj  and  Ng  be 
their  respective  number  of  revolutions  in  a  given  time,  then  : — 

Ni:N,  =  D,:D, (I) 

This  equation  is  ©nly  true  on  the  supposition  that  there  is  no 
slipping  between  the  belt  or  rope  and  the  pulleys  ;  and  also,  that 
the  thickness  of  the  belt  or  rope  is  so  small  in  comparison  with 
the  diameters  of  the  pulleys,  that  it  may  be  neglected. 

Let  S  =  Diameter  of  the  rope  or  thickness  of  the  belt. 

Then,  the  working  diameter  of  the  pulleys  will  be  Dj  -f-  3,  and 
Dg  +  3,  respectively.     Consequently  : — 

Ni  :  Ng  =  Da  -1-  5  :  Dj  -f  a (II) 

Example  I. — Compare  the  angular  velocities  of  two  pulleys 
of  diameters  24  and  10  inches  respectively  when  the  thickness 
of  the  belt  is  |  inch. 

(1)  Neglecting  the  thickness  of  the  belt,  we  get : — 

Nj  _  Dg  _  24  _  24 
Nj  ~  Di  ~  10        1  • 

(2)  Taking  the  thickness  of  the  belt  into  account,  we  get : — 

N,      Da  H-  a  _24j(^_  195      2-35 
Nj  ~  Di  -f  3  ~  10  -1-  I  ~  83  1    ■ 

We  thus  see  that  by  taking  the  thickness  of  the  belt  into 
account  the  velocity-ratio  is  diminished,  and  in  this  example 
in  the  proportion  of  240  to  235,  or  by  2-1  per  cent, 
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Velocity-Eatio  in  a  Compound  System  of  Belt  Gearing. — When 
there  are  a  number  of  pulleys,  A,  B,  0,  D,  E,  P,  connected 
together  by  belting,  as  illustrated  by  the  above  figure,  let  D^,  Dj, 
&c.,  denote  their  respective  diameters,  and  N^^,  Nb,  &c.,  their 
revolutions  per  minute. 

^.  Nb       I>a        j  I^d       Do     ,       Nj      Dj, 

^^^'^'       w:  =  d;-  ^""^  w,  =  D,'  ^1^°  n;  =  d;- 

By  multiplying  together  the  corresponding  members  of  these 
equations,  we  get: — 

Nb      Nj,      N,  _  D^ 


Vblooity-Ratio  in  a  Compound  System  of  Belt  Geabino. 

Since  the  pairs  of  pulleys,  B  and  0,  and  D  and  E,  are  fixed  to 
their  respective  shafts,  N3  =  N^,  and  N^  =  N^.  By  cancelling 
these  equal  values,  we  get : — 


Np       Di  X  Do  X  Dj, 


(III) 


Ni      Db  X  D„  X  Dp    •     •     •     • 

If  we  call  pulleys  A,  0,  and  E  the  drivers  and  B,  D,  and  F 
the  followers,  we  obtain  the  following  rule  : — 

Product  of  diameters  of  all  the 
Eevolutions  of  last  follower  _       drivers. 

Revolutions  of  first  driver  Product  of  diameters  of  all  the 

followers. 
Or,        Speed  of  first  driver  x  product  of  the  diameters  o/all 

the  drivers. 
»o  Speed  of  last  follower  x  product  of  the  diameters  of  all 

the  followers. 
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The  radii  or  circumferences  of  the  pulleys  may  be  substituted 
for  the  diameters. 

If  the  thickness  of  the  belts  be  taken  into  account,  then  the 
pulley  diameters  must  be  increased  by  the  thickness  of  the  belts. 

Example  II. — An  engine  is  employed  to  drive  a  fan  by 
means  of  pulleys  and  bands,  the  first  driving  band  passing  over 
the  flywheel  of  the  engine.  The  train  consists  of  (1)  the  fly- 
wheel, A ;  (2)  two  pulleys,  B  and  C,  on  one  axis ;  (3)  two  other 
pulleys,  D  and  E,  on  another  axis  ;  and  (4)  a  pulley,  F,  to  the 
axis  of  which  the  fan  is  attached.  The  diameters  of  A,  B,  0,  D, 
E,  P  are  as  12,  3,  8,  2,  5,  1  respectively,  and  A  makes  20  revolu- 
tions per  minute.  How  many  revolutions  does  F  make  per 
minute  ? 

Here  D^ 

Nji  =  20. 


Then,  ^'  = 


12j  Db=  3;Do=  8j  Do 
Np      D^  X  Do  X  Db       12  X  8  X  5 


2;Dj,  =  5;Dj,=  1; 


N^      Db  X  r>D  X  Dj, 


=  80. 


Np  =  N^ 


X  80  =  20  X  80  =  1,600  revs,  per  min. 

Length  of  a  Crossed  Belt. — An  endless  belt  stretched  over 
two  pulleys  may  be  either  crossed  or  open,  according  as  the 
pulleys  are  required  to  rotate  in  the  same  or  in  the  opposite 
direction.     "We  shall  now  prove  by  aid  of  the  following  figure 


Length  op  a  Crossed  Belt. 


that  a  driving  belt  when  crossed  will  serve  for  any  pair  of  pulleys, 
so  long  as  the  distance  between  the  centres  of  the  pulleys  is 
the  same,  and  the  sum  of  the  diameters  is  constant. 
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Let  R,  D  =  Badius  and  diameter  of  pulley,  A, 

,,  r,  d  =  Radius  and  diameter  of  pulley,  B, 

„  a  =  Distance,  A  B, 

„  L  =  Length  of  belt, 

„  2  =  Sum  of  diameters  =  Ji  +  d, 

„  A  =  Difference  of  diameters  =  T)  —  d. 

Then,       L  =  2  {arc  H  D  +  D  F  +  arc  F  K}. 

Or,  L  =  2  -I  R  f  I  +  ^j  +  acos^  +  r(^   +  *^)  f 

L  =  (I  +   ^)   (D  +  (^  +  2acos^.      .     .     .     (IV) 

It  (D  +  d)  has  always  the  same  value,  then  (f>  will  also  remain 
constant ;  and,  therefore,  L  will  be  a  constant  length. 
From  the  figure  we  see  that : — 


.     ,       AD,       R  +  r      B  +  d       2 

sin  (ft  =  -7-^  =  =  — o =  o~ 

^       AB  a  2a  2a 


(V) 


But,  cos  <p  ■=  kJ\  —  sin^  <p  =  — — n 

L=  (J  +,/,)s  + V4a^-2^- (IVa) 

This  is  one  equation  from  which  the  length  of  a  crossed  belt 
may  be  calculated. 

In  using  equation  (IVo)  it  must  be  observed,  that  <f)  is  expressed 
in  circular  measure.  After  obtaining  sin  <^  from  equation  (V), 
the  angle  <f>  can  be  found  in  circular  measure  or  in  degrees  by 
referring  to  Trigonometrical  Tables  of  Natural  Sines.  If  (^  be 
expressed  in  degrees,  let  it  be  denoted  by  ^°,  then  the  circular 
measure  of  0  is  found  by  multiplying  <^°  by  0'0175.* 

Thus,  ^  =  <^°  X  0-0175. 

ExAUFLE  III. — A  shaft  making  100  revolutions  per  minute 
carries  a  driving  pulley  2^  feet  in  diameter  and  communicates 
motion  by  means  of  a  belt  to  a  parallel  shaft  at  a  distance  of 
6  feet,  carrying  a  pulley  1  foot  in  diameter.  Find  the  speed  of 
the  belt  and  an  expression  for  its  length  when  crossed.  Find 
also  the  number  of  revolutions  per  minute  of  the  driven  shaft, 
allowing  a  slip  of  1 J  per  cent.  (S.  &  A.  Adv.  Exam.,  1893). 

*  How  this  number  is  obtained  is  explained  further  on  in  this  Lecture. 
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Answer. — (1)  Speed  of  belt  =  Circumferential  speed  of  obriving 

pulley, 
»       »        =flrDl»r, 

„      „       =  3-1416  X  2J  X  100  =  7854  feet 
per  minute. 

(2)  The  length  of  a  crossed  belt  has  been  shown  in  the  text 
to  be :—  ' 


L  =  (I  +  <^)  2  +  V4a^-22. 


From  the  data,  we  get : — ^2  =  D  +  o?=2 '5 +  1=3 -5  feet, 

a  =  6  feet,  and  sin  tf  =   ^r-  =  ttt  =  '2917. 
2a       12 

Referring  to  a  table  of  Natural  Sines,  we  find  the  angle  whose 
sine  is  =  -2917  to  be  about  17°. 

Hence,  <^  =  17  x  0-0175  =  -2975  radians. 

-g—  +  -2975)  3-5  +  V  4  X  62  -  3-52. 

i.e.,       L  =  6-54  +  11-48  =  1802  feet.* 

(3)  If  there  were  no  slip,  the  speed  of  the  driven  pulley  would 
be: — 

w  =  Nx-^  =  100x-Tj-  =  250  revolutions  per  minute. 

*  The  student  should  nutice  that  sin  0  and  0  agree  to  the  second  decimal 
figure,  and  this  is  true  for  all  angles  up  to  about  21°.  The  smaller  the 
angle  the  more  nearly  do  sin  tj)  and  ip  agree  in  numerical  value.  Now,  in 
the  examination  room,  no  tables  of  Natural  Sines  are  allowed,  and  the 
student  is  not  expected  to  calculate  0  from  the  value  of  its  sine.  But  in 
engineering  problems  of  this  kind  it  is  considered  sufficiently  accurate  to 
take  numbers  to  two  or  three  decimal  figures ;  hence  the  student  may 
assume  that — 

0  =  sin  0  =  -292. 

Then,  L  =  (^^^  +  •292\    3-5  +   V4  x  6"  -  3-5", 

i.e. ,  L  =  6  -52  +  11  -48  =  18  feet. 

This  only  diflfers  by  about  -1  per  cent,  from  the  correct  answer.  The 
error  introduced  when  we  take  0  =  sin  0  is  -2975  -  -292  =  -0055,  or 
-55  per  cent,  only, 

,  6  2^^ 
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But  since  there  is  IJ  per  cent,  slip  the  actual  speed  is  only- 
OS  J  per  cent,  of  this. 

98-5       „.„       „.„„, 
"i  =   jQQ  X  250  =  246-25  revolutions  per  minate. 

The  length  of  the  belt  could  also  be  obtained  by  drawing  the 
figure  accurately  to  scale.  The  student  should,  therefore,  obtain 
an  answer  in  this  way  to  the  second  part  of  the  above  question, 
and  compare  his  results  with  those  which  we  have  just  found. 

Example  IV. — ^A  shaft,  having  a  stepped  speed-cone  with 
four  steps,  revolves  at  a  constant  speed  of  180  revolutions 
per  minute,  and  is  connected,  by  a  crossed  belt,  to  another 
shaft  having  a  similar  stepped  cone.  The  diameter  of  the  largest 
step  of  the  cone  on  the  driving  shaft  is  16  inches.  The  driven 
shaft  is  required  to  run  at  speeds  480,  300,  160,  and  90  revolu- 
tions per  minute  respectively.  Determine  the  diameters  of  the 
remaining  steps  of  the  two  cones. 

AiTSWEB. — Let  Dy  ©2,  Dg,  D^  denote  the  diameters  of  the  four 
steps  of  the  cone  on  the  driving  shaft ;  Dj  being  the  diameter  of 
the  largest  step. 

Let  Sj,  d^  dg,  d^  denote  the  diameters  of  the  four  steps  of  the 
cone  on  the  driven  shaft ;  d^  being  the  diameter  of  the  smallest 
step. 

Then,      B^  +  d^  =  B^  +  d^  =  D^  +  dg  =  B^  +  d^  =  2. 

Let  N  denote  the  speed  of  the  driving  shaft,  and  let  Nj,  Nj, 
Ng,  N^  denote  the  four  different  speeds  of  the  driven  shaft,  so 
that 

N  =180;  Nj  =  480;  N^  =  300;  N,  =  160;  N^  =  90. 

We  have  first  to  determine  d^,  and  thereby  2. 

tfi  =  TgQ  X  16  =  6  inches. 
2  =  16  +  6  =  22  inches. 
For  steps  D^,  d^,  we  get : — 

Dj  _  Nj  Dg      _       Fg 

d^~  N  '     ■'•  Dg  +  t?2  ~  Nj,  +  N  • 

H«-««.         D,  =  3^0^  X  22  =  13-75  inches. 
Md,  t/g  =  22  -  13-75  =  8-25  inches. 
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Similarly, 
And, 
Again, 
And, 


NTTN  2  =  160^180'' 22  =  10-35  ins. 


rfg  =  22  -  10-35 


D 


N. 


11-65  inches. 
90 


N4+  N 
(/^  =  22  -  7-3 


90  +  180 
=  14-6  inchea. 


X  22  =  7-3  inches. 


Hence,  we  have: — 
Driving  Gone. 
Dj  =  16      inches. 


Da 
D. 


13-75 
10-35 

7-3 


Driven  Cone. 

6     inches. 
d'  =     8-25      „ 


d,  = 


d« 


11-65 


d^  =  14-6 


Length  of  an  Open  Belt. — By  referring  to  the  next  figure 
and  proceeding  as  before,  we  can  determine  the  length  of  an 
open  belt  connecting  any  pair  of  pulleys. 

Here,     L  =  2  {  arc  H  D  +  D  F  +  arc  F  K  }. 

Or,         L  =  2  j  R  (-^  +  p  j  +  a  cos  p  +  »•  r  1^  -  p  j  I . 

Or,         L  =  s-(D  +  d)  +  p  (D  -  d)  +  2  o  cos  p. 


L=52+P'^  +  2a  cos  ©. 
it 


(VI) 


Lbnoth  op  an  Open  Belt. 


Here  2  and  A  cannot  both  be  constant  quantities  for  two  or 
more  pairs  of  pulleys.  Hence,  if  the  sum  of  the  diameters  of 
each  pair  of  pulleys  be  the  same,  an  open  belt  of  constant  length 
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cannot  be  made  to  work  equally  tight  on  the  various  pairs  of 
pulleys. 

We  shall  now  obtain  an  approximate  and  m8re  convenient 
formula  for  the  length  of  an  open  belt  than  that  given  by 
equation  (VI). 

Since,  in  this  case,  j»  is  always  very  small,  we  may  write  : — 

®  =  sin  a. 


But,        «np  =  ^  =  2^.  I 

A  I  ' 

<p  =  jj— ,  approximately,  i 

N/4a2  - 


(VII) 


^^=2a' 


Also,       cos  p  =   \/  1  -  sin^  p  =  - 

Substituting  these  values  of  p  A  and  cos  <p  in  equation  (VI), 

■s-^       a2 


We  get,         L  =  2-S  +  2-  +    ^/ 4  a^  _  a". 

By  the  binomial  theorem,  we  can  expand  the  last  expression 
in  this  equation  to  any  required  number  of  terms. 

The  third  and  following  terms  on  the  right-hand  side  are  very 

A2 

small,  since  -j—^   is  of  itself  very  small.     We  may,  therefore, 

neglect  all  terms  after  the  second. 

/  A^  \  A  A* 

Thus,    (1  -  J— 2)     =  1  -  o— 2>  approximately. 

<K  f   A^  A*  1 

Hence,  L  =  ^  S  +  2  a  |  ^-,  +  1  -  g^,| . 

».«.,  L  =  |s  +  2fl{l  +  ^|.       .     .      (VT.) 

This  is  evidently  a  more  convenient  expression  for  the  length 
of  an  open  belt  than  equation  (VI). 
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In  the  case  of  a  crossed  belt  it  has  been  shown  that  the  belt 
■will  work  equally  tight  and  well  on  any  pair  of  pulleys  on  the 
same  shafts  so  long  as  the  sum  of  the  diameters  of  the  two  pulleys 
is  constant.  Thus,  if  a  crossed  belt  be  used  for  connecting  two 
stepped  speed  cones,  the  sum  of  the  diameters  of  alternate 
pulleys  must  be  constant.  If,  however,  an  open  belt  be  used 
the  sum  of  the  diameters  of  each  pair  of  working  pulleys  will  not 
be  constant.    Consider  two  pairs  of  pulleys  on  the  stepped  cones. 

Let  Dj,  t^j  =  Diameters  of  first  pair. 
„     Dj,  d^  =  Diameters  of  second  pair. 

„  2i  =  Dj  +   C^jJ   ^2=  I>2  +  (^2> 

„  Ai  =  Dj  -  cfj;  Ag  =  Dg  -  d^. 

Then,  since  the  length  of  the  belt  is  constant,  we  get : — 


Si   + 


i-ra 


.     .  (Vill) 


dz 


i^D 


Stepped  Cones. 


D, 


This  formula  gives  us  the  sum  of  the 
diameters  of  the  second  pair  of  pulleys  in 
terms  of  the  sum  and  difference  of  the 
diameters  of  the  first  pair.  The  difference, 
Ag,  of  the  diameters  of  the  second  pair  of 
pulleys  also  enters  into  this  equation,  and 
this  must  be  found  before  Sg  can  be  ob- 
tained.   ' 

Let  A  B  be  the  main  shaft  running  con- 
stantly at  N  revolutions  per  minute.  Let 
Nj,  Ng  be  the  speeds  of  the  shaft  0  D 
when  the  belt  is  on  the  pulleys  1  and  2 
respectively. 

Now,  calculate  Aj  on  the  assumption 
that  the  belt  is  crossed.  This  is  not  ex- 
actly, but  very  approximately,  correct. 
Hence,  neglecting  the  thickness  of  the 
belt,  we  get : — 


».e., 


A,      Na  -  N 
22  "  N„-i-  N^ 


Da  -  d^  _  K"2  -  IT 
D,  +  4      N,  +  N  ■ 


.•.  A„  = 


N,  -N. 


_  zll 


Nj  +  N  ^«- 


•     (IX) 
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But,  since  we  are  to  assume  that  the  belt  is  crossed  in  this 
calculation,  we  must  have  Zj  =  ^i- 

N    -  N 
^2  =  -^^  +  ^  2],  approximately (IX  „) 

Substituting  this  approximate  value  for  Ag  in  equation  (VIII), 
we  get  Sj.     Having  now  calculated  Sgj  '^^  ^^^  easily  find  Dj 


and  c?2- 

Thus  :— 

■  " 

"2      N^  +  N  *^2.  '^nd  rfg      j^^  ^  jj 

•      •     (X) 

In  the  very  same  way,  the  diameters  of  all  the  other  pairs  of 
pulleys  in  the  stepped  cone  can  be  found. 

Hence,  the  following  practical  rule  for  designing  a  set  of 
stepped  speed-cones,  worked  by  an  open  belt : — 

Let  N  =  Constant   speed   of  driving  or    main 
shaft,  A  B. 
Nj,  N21  ^8>  ^-t  —  Required  speeds  of  driven  shaft,  0  D. 

(a)  Fix  on  convenient  diameters  Dj,  d^  to  give  the  required 
velocity-ratio  with  any  one  pair  of  pulleys.  This  will  give  Sj 
and  \. 

(6)  Next  calculate  A^,  A3,  <fec.,  for  the  other  pulleys  on  the 
assumption  that  the  belt  is  crossed ;  or  by  formula  (IX a). 

(c)  Insert  these  values  successively  in  equation  (VIII),  from 
which  Sg,  2g,  &c.,  can  be  found. 

{d)  The  diameters  can  then  be  found  from  equations  (X). 

Example  V. — The  centres  of  two  pulleys,  4  and  2  feet  in 
diameter  respectively,  are  8  feet  apart.  The  pulleys  are  con- 
nected by  an  open  belt ;  find  its  length. 

Answer. — Here  2=6  feet ;  A  =  2  feet ;  a  =  8  feet. 

From  equation  (VI  „)  we  get : — 


i2  +  2«{>  +  ra} 
{ 


31416       „       „       „f,  4      } 

<  64  ■ 
9-4248  +  16-125  =  25-55  feet. 


2-X6  +  2  x8|l-Hg-^^^^tfeet. 


Example  VI. — If  the  speed  cones  in  Example  IV.  are  con- 
nected by  means  of  an  open  belt  instead  of  a  crossed  one,  and 
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the  distance  between  the  centres  of  the  two  shafts  is  8  feet, 
determine  the  diameters  of  the  various  steps. 

Answer. — TJsing  the  same  notation  as  in  Example  IV.,  we  get, 
as  before,  Dj  =  16  inches;  t/j  =  6  inches;  a  =  8  x  12  =  96 
inches  ;  2j  =  22  inches ;  and  Aj  =  10  inches. 

(1)  To  find  Dg,  and  d^. 

First,  calculate  Dg  and  d^  on  the  assumption  that  the,  belt  is 
crossed. 

From  Example  IV.  we  get : — 

Dg  =  13-75  inches,  and  d^  =  8"25  inches. 
Hence,  as  a  first  approximation,  we  may  write  : — 

22  =  22  inches,  and  Ag  =  5  "5  inches. 
Next,  recalculate  ^2  from  equation  (VIII)  in  the  text,  viz.  -.-^ 

2»  =  S,  +     \     ^  =  22  +   ^"  ■    "  "      =  22-1155  inches. 
2*a  22         . 

2  X  -=-  X  96 

Substituting  this  new  value  of  Sg  in  equation  (X),  we  get : — 
»^  =  n;^^^  =  300^0  -  ''■''''  =  13-822  inches. 


These  are  the  diameters  of  the  second  step  as  obtained  for 
one  correction.  If  a  closer  approximation  be  required,  then  we 
must  again  recalculate  Sj  from  the  results  just  obtained. 
Thus  :— 

A^  =  13-822  -  8-293  =  5-529  inches. 

.,  2.  =  2,  .  4:^^  =  22  .  '-^^^  =  22-1148  inches. 

2  X  -=-  X  96 

Substituting  this  new  value  for  Sj  in  equation  (X),  we  get: — 

"-3or™^22-ii*«-"«2"^'^'=^«^- 

.-.  (/j  =  22-1148  -  13-8217  =  8-2931  inches. 

which  are  the  values  of  Dj  and  tig  corrected  twice. 

It  will  be  at  once  seen  that  these  last  values  differ  very 
slightly  from  those  obtained  by  one  correction.  Hence,  it  will 
be  sufficiently  accurate  to  make  one  correction  only. 
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(2)  To  find  B^  and  d^. 

As  before,  calculate  Dg  and  d~on.  the  assumption  that  the 
belt  is  crossed.     From  Example  I V .,  we  get : — 

Dg  =  10'35  inches,  and  d^  =  11  '65  inches. 
28=  22  inches,  and  Ag  =  1-3  inches. 
Next  recalculate  Sg  from  equation  (VIII). 

.-.     Eg  =  2i  +     '       ^  =  22  +      \^  =22-163  inches. 

^""^  2xyx96 

Substituting  this  value  in  equation  (X),  we  get : — 

D„  = ^8      s„  = ~ —  X  22-163  =  10-4:3  inches. 

8       Ng  +  N    »       160  +  180 

.-.rfg  =  22-163-10-43  =  11-733  inches. 

(3)  In  a  similar  way,  we  get : — 

D^  =    7-359  inches. 
And,  d^  =  14-718  inches. 

Hence,  for  an  open  belt  we  get  the  following  sizes  for  the 
steps  of  the  cones  : — 


Deiving  Gone. 

Dj  =  16         inches. 

D,  =  13-822      „ 

Dg  =  10-43 

D^  =  7-359      „ 


Driven  Gone. 

c?i  =     6        inches, 
dg  =     8-293     „ 

dg  =  11-733    ,„ 

d^  =  14-718      „ 


Frictional  Resistance  between  a  Belt  or  Bope  and  its  Pulley. — 
In  Lect.  VII.,  Vol.  I.,  we  deduced  a  formula  for  the  ratio  of  the 
tensions  of  the  two  parts  of  a  belt  or  rope  when  stretched  round 
a  pulley  or  post,  viz. : — 

Where  T^  =  Tension  on  driving  or  tight  side  of  belt  or  rope. 
„      T,  =  Tension  on  driven  or  slack  side  of  belt  or  rope. 
„        /i  =  Coefficient  of  friction  between  the  belt  or  rope 

and  the  pulley. 
„         <  =  Circular  measure  of  angle  subtended  at  the  centre 

of  the  pulley  by  the  belt  or  rope. 
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The  following  values  of  /i  have  been  obtained  by  experiment: — 

For  leather  belts  on  iron  pulleys,      <«.  =  0-3  to  0-4. 

For  hemp  or  cotton  ropes  on  iron  (  //>  =  0-35  (pulleys  dry). 

pulleys,  \  ^  =  0'15  {pulleys  greased). 

For  wire  ropes  on  iron  pulleys,      fL  =  0'15. 
For  tmre  ropes  on  iron  pulleys,  ) 

the  grooves  being  lined  with  >  fi  =  0'25. 

leather  or  guttapercha,  j 

Slipping  of  a  belt  generally  occurs  at  the  smaller  pulley,  the 
angle  of  contact,  6,  being  smaller  on  this  pulley  than  on  the 
larger  one.  Hence,  in  calculations  relating  to  the  slipping  of  a 
belt  it  is  usual  to  consider  the  small  pulley  only.  The  average 
length  of  arc  embraced  by  the  belt  on  the  small  pulley  may  be 
taken  at  ^  of  the  whole  circumference — i.e.,  tf  =  -4  x  2  ff  =  2-5133 
radians.  If,  then,  we  take  //>  =  0-3,  we  can  easily  find  the  ratio 
between  T^  and  T,  in  the  case  of  a  leather  belt. 

Thus,  log.  ^  =  0-3  X  2-5133. 

Or,  changing  this  into  common  logarithms,  by  multiplying 
by  0-4343,  we  get  :— 

Log^  =  0-3  X  2-5133  X  04343  =  -327457 

„      ,,    =  log  2-125,  nearly. 
Td  =  2  T,  approximately. 

If  the  angle  of  contact  between  the  belt  and  the  pulley  bo 
expressed  in  degrees,  then  the  equation  requires  to  be  modified. 
Let  6°  =  angle  of  contact  expressed  in  degrees.     Then,  we 
know  that : — 

6         Circular  measure  of  two  right  angles  «• 

6°       Number  of  degrees  in  two  right  angles  ~  180' 

6  =  ^^  X  f  =  0-0175  f. 

Substituting  this  value  for  6,  we  get : — 

log,  ^  =  0-0175 /ttf° (XI) 

T, 
Or,  changing   into  common  logarithms,  by  multiplying   by 
0-4343,  we  get  :— 

T 
log  -^  =  0-4343  X  0-0175  /*  r  =  00076  /iff".     ■     ( XI^ ) 
T« 
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Greatest  Value  or  the  Ratio  of  Tensions  on  Tight  and  Slack 
Sides  of  Belting.* 


Angle  embraced  by  Belt. 

T 
Eatio  of  Tensions  =  Tfr  * 

In  Degrees. 

In  Circular 
Measure. 

In  fraction 
of  Circum- 
ference. 

M=0-2. 

^=0-3. 

/t  =  0-4. 

;it  =  0-6. 

6°. 

e. 

e°/360°=9/2ir. 

30 

•524 

•083 

1^110 

1-170 

1-233 

1299 

45 

•785 

•125 

1^170 

1-266 

1-369 

1481 

60 

1^047 

•167 

1-233 

1-369 

1-521 

1^689 

75 

1^309 

•208 

r299 

1-481 

1-689 

1924 

90 

1-571 

•250 

1-369 

1-602 

1-874 

2^193 

105 

1-833 

-319 

1-443 

1^733 

2-082 

2^500 

120 

2-094 

-334 

1^521 

1^875 

2-312 

2  •SSI 

135 

2-356 

•375 

1-602 

2^027 

2-565 

3247 

150 

2-618 

•417 

1^689 

2^194 

2-849 

3702 

165 

2-880 

•458 

1^778 

2-372 

3-163 

4^219 

180 

3-142 

•500 

1^875 

2-566 

3-514 

4-808 

195 

3-403 

•541 

^975 

2-776 

3  901 

5-483 

210 

3-665 

•583 

2^082 

3-003 

4333 

6-252 

240 

4-188 

•666 

2-311 

3-514 

5^340 

8-119 

270 

4-712 

•750 

2-566 

4-112 

6^589 

10550 

300 

5-236 

•833 

2-849 

4-808 

8  •in 

13^700 

Frictional  Kesistance  between  a  Rope  and  a  Grooved  Pulley. — 
In  rope  transmission  the  pulleys  over  which  the  rope  passes  are 
provided  with  grooves,  and  we  saw  in  our  last  Lecture  that  for 
hemp  or  cotton  ropes  the  grooves  are  so  constructed  that  the 
ropes  get  wedged  into  them  and  bear  on  their  sides.  This,  as 
we  have  seen,  is  the  method  adopted  in  order  to  increase  the 
resistance  to  slipping.  In  Lecture  VII.  we  found  that  the  ratio 
between  T^  and  T,  in  this  case  is  given  by  the  equation  : — 


Log.i^' 


/L  cosec  "s  i. 


Where  /*  =  Coefficient  of  friction  between  rope  and  sides  of 
groove. 
„       a  =  Angle  which  sides  of  groove  make  with  each  other. 
„       6  =  Angle  embraced  by  rope  on  pulley. 

Comparing  this  equation  with  that  for  flat  pulleys  we  see  that 

the  logarithm  of  the  ratio  of  the  tensions  is  increased  in  this  case 

'  ft 

in  the  proportion : — cosec  „  :  1. 


*From  Un win's  Machine  Design,  Part  I.,  p.  377  (13th  Edition). 
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Generally  the  groove  angle,  «,  is  about  45°,  and  then  we  get : 


Hence, 


cosec  22^°  =  2-6. 
Log.  J^  =  2-6  /i  0. 


Or,  converting  into  common  logarithms,  we  get : — 

Log  —■  =  0-4343  X  2-6  /i  6  =  l-U  /J,  L 
J-* 

We  have  already  stated  that  /l  =  0-15  to  0-35  for  hemp  or 
cotton  ropes,  the  smaller  value  being  taken  when  the  pulleys 
are  greased.  Substituting  these  values  in  the  last  equation,  we 
get:— 

Log  fJ-  =  0-17  &  (pulleys  greased). 

T 

Also,  Log  fJ  =  0-39  &  (pulleys  dry). 

If  for  /*  cosec  ^  we  write  ^a^  the  equation  becomes  : — 

^   -^  ^1 " (-^^I) 


T 


Where  /Ji'■^  can  be  looked  upon  .as  the  coefficient  of  friction  for 
grooved  pulleys. 

Converting  into  common  logarithms,  by  multiplying  by  0'4343, 
and  substituting  i°  for  6,  equation  (XII)  becomes : — 

Log^  =  0-4343  X  0-0175 /ii«°  =  0-0076 /i^r.  .    .    .  (XII,,) 
Values  ot  /i^  Corresponding  to  Different  Values  of  /a  and  a. 


Angle  of 

Values  of  /^  when 

Groove  in 

Degrees 

a. 

/»  =  0-I6. 

iM  =  0-20. 

Hi  =0-25. 

A«  =  0-30. 

/*  =  0-35. 

30 

•58 

-77 

•97 

1-16 

1-35 

35 

•50 

-66 

•83 

100 

1-16 

40 

•44 

•58 

•73 

-88 

1-02 

45 

•39 

•52 

•65 

-78 

-91 

1 
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Gbbatest  Value  op  the  Ratio  of  Tensions  on  Tight  and  Slack 
Sides  ov  a  Rope  Wobking  in  Grooved  Pulleys. 


Angle  Embraced  by  Kope. 

Eatio  of  Tensions  =  •=-  • 

In  Trac- 

In 

tion  of 

In  De- 

Circum- 

grees. 

Measure. 

ference. 

m  =  0-4. 

/*!  =  0-5. 

ini  =  0-6. 

A.,  =  0-7. 

^1  =  0-8. 

m  =  o-9. 

8°. 

9. 

8°         e 
360°  "  2«- 

60 

1-047 

•167 

1-52 

1-69 

1-87 

2-08 

2-31 

2-57 

90 

1-571 

-250 

1-87 

2-19 

2-57 

300 

3-51 

4-11 

120 

2-094 

334 

2-31 

2-85 

3-51 

4-33 

5-34 

6-59 

150 

2-618 

•417 

2-85 

3-70 

4-81 

6-25 

8-12 

10-55 

180 

3-142 

•500 

3-51 

4-81 

6-59 

9-02 

12-35 

16-90 

210 

3-665 

•583 

4-33 

6-25 

9-02 

13  01 

18-77 

27-08 

240 

4-188 

-666 

5-34 

8-12 

12-35 

18-77 

28-53 

43-38 

"  Slip  "  or  "  Creep  "  of  Belts  due  to  Elasticity. — Although  there 
may  be  no  actual  slipping  as  a  -whole  between  a  belt  and  its 
pulleys,  yet  the  unequal  stretching  of  the  two  parts  of  the  belt, 
due  to  the  unequal  tensions,  Ta  and  T,,  causes  a  difference  in 
angular  velocity-ratio,  which  becomes  very  serious  when  this 
requires  to  be  kept  uniform 

It  will  be  seen  in  a  subsequent  Lecture  that  any  elastic 
material  subjected  to  tension  becomes  elongated,  and  that  the 
elongation  depends  directly  on  the  stretching  force.  Hence,  the 
belt  will  be  stretched  to  a  greater  extent  on  the  driving  side  than 
on  the  slack  side. 

Let  I  =  Length  of  belt  which  would  leave  either  pulley  in 

unit  time,  if  the  belt  were  unstretchable  or  inelastic. 
„   Id  =  Length  of  belt  running  on  to  dri-ving  pulley  in  unit 

time. 
„   I,  =  Length  of  belt  running  on  to  driven  pulley  in  unit 

time. 
„     e  =  Elongation  produced  by  a  tension  of  1  lb.  on  a  length 

of  1  foot  of  belting. 

Then,  la  =  I  +  eTal  =  {I  +  eTd)  I. 

Similarly,  I,  =  {I  +  e  T,)  /. 

Since  we  have  supposed  that  there  is  no  actual  slipping 
between  the  belt  and  pulley  as  a  whole,  it  is  clear  that  the 
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length  of  belting  coining  on  to  a  pulley  in  unit  time  will  be 
equal  to  the  length  of  the  arc  described  by  a  point  on  the 
circumference  of  the  pulley  in  the  same  time.  In  other  words, 
the  length  of  belting  coming  on  to  the  pulley  in  unit  time,  is 
equal  to  the  circumferential  speed  of  pulley.  Hence,  for  the 
driving  pulley,  w  D  N  =  Z(j ;  and  for  the  driven  pulley,  irdn  =  l,. 

dn   ^l,        (1  +  e  T,)  Z 
D  N  ~  ?d  ~   (1  +  e  Td)  r 

If  we  knew  the  value  of  e  in  all  cases,  and  then  calculated 
T^  and  T^  by  the  previous  formulae,  we  might  obtain  the  actual 
velocity-ratio  for  such  cases.  From  experiments  by  M.  Kretz, 
it  appears  that : — 

=  0-975 /or  new,  and  =  0'978/orold,  leather  belts. 

I  +  eUd 

Taking  these  results,  we  get : — 

n  D 

==  =  0'975  X  rr/or  new  leather  belts. 

And,  jj  =  0-978  x  -^for  old  leather  belts. 

It  therefore  appears  that  the  velocity  of  the  driven  pulley  is 
about  2  per  cent,  less  than  it  would  be  if  the  belt  were  inelastic. 
This  loss  of  velocity  is  termed  the  "  slip,"  or  "  creep,"  due  to 
elasticity.  Consequently,  when  motion  has  to  be  transmitted 
through  several  belts,  this  loss  becomes  serious,  and  renders  belt 
gearing  unsuitable  for  exact  velocity-ratios. 

Horse  Power  transmitted  by  Belt  and  Rope  Gearing. — When 
one  pulley.  A,  drives  another  pulley,  B,  by  means  of  a  belt  or 
rope,  there  is  necessarily  a  diflference  in  tension  in  the  two  parts 
of  the  belt  or  rope.  First  of  all,  there  is  a  resistance  to  motion 
offered  by  the  follower,  B.  Hence,  when  the  driver.  A,  is  made 
to  rotate,  the  friction  laetween  the  belt  or  rojje  and  the  pulleys 
prevents  slipping,  with  the  result  that  the  tension  in  that  part 
of  the  belt  or  rope  going  on  to  the  driver  increases,  while  the 
tension  in  the  other  part  decreases.  This  increase  of  tension 
in  the  driving  side,  and  the  decrease  in  the  slack  side,  will  go 
on  until  the  resultant  moment  of  the  tensions  in  the  two  parts 


350 


LBCTUBE   XVI. 


of  the  belt  or  rope  acting  on  the  follower  overcomes  the  resisting 
couple  acting  on  that  pulley.      When  this  takes  place  : — 

Let  Tjj  =  Tension  in  drimng  side  of  belt  or  rope. 

„  T,  =  Tension  in  slack  side  of  belt  or  rope. 

„  M  =  Moment  of  couple  resisting  rotation  of  follo-wer. 

„  V  =  Velocity  of  belt  or  rope  in  feet  per  minute. 

„  D  =  Diameter  of  driver  in  feet. 
„         d  =  Diameter  of  follower  in  feet. 

„  N  =  Speed  of  driver  in  revolutions  per  minute. 
„         »  =  Speed  of  follower  in  revolutions  per  minute. 
„  H.P.  =  Horse-power  transmitted. 


Power  Transmitted  bv  a  Belt  or  Rofe. 


Then,  M  =  (T^  -  T,)  | 

.".     Work  transmitted  1 


per  mvnute        ) 


H.P.  = 


M  X  2^/4  =  (Td  -  T, )  X  vdn. 


(T^  -  T.)^rffl 


But, 


33,000 

V  =  ^DN  =  Tdw. 

(1'd-T,)V_     PV 
33,000  33,000. 


H.P  = 


(XIV) 


Where  P  =  T^  -  T,,  and  is  called  the  driving  force  or  tension. 


P  = 


33,000  H.P. 
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liOt  T  =  Initial  or  average  tension ;  or  tension  in  both  parts 
of  belt  when  at  rest. 

The  average  tension  during  motion  must  be  the  same  as  the 
tension  before  motion  commenced,  since  the  lengthening  of  the 
belt  on  the  driving  side  must  be  equal  to  the  shortening  of  the 
belt  on  the  slack  side. 


T  = 


Td  +  T, 


This  must  be  the  tension  with  which  the  belt  should  be 
initially  stretched  over  the  pulleys. 

If,  for  these  reasons,  we  suppose  T^  =  2  T,_  we  get  the 
following  practical  rules  for  belt  gearing  : — 

Driving  Tension  =  P  =  — '- — = — ^— * 

Greatest  Tension  =  T^  =  2  Pi 
Initial  Tension     =  T  =  1 J  P. 

Ta       2P 


Breadth  of  Belt    =  j8  = 


/         /■ 


Where,  /  is  the  safe  working  tension  per  inch  of  width  or 
breadth  /3. 

The  following  table  gives  the  safe  working  tension,  f,  in  lbs. 
per  inch  of  width  for  leather  belts,  when  the  safe  stress  in  lbs. 
per  square  inch  cross  sectional  area  is  known  : — 

Working  Tension  of  Leather  Belts. 


Thickness  of  Belt 
In  Inches. 

Safe  working  tension,  /,  In  lbs.  per  Inch  of  width  when  the  safe 
stress  in  lbs.  per  square  inch  of  cross  sectional  area  is:— 

250 

300 

350 

A 

47 
55 
62 

78 

56 
66 
75 
94 

66 

77 

87 

109 

In  the  case  of  hemp  or  cotton  rope  gearing,  the  tension  1!^  may 
be  taken  at  140  lbs.  per  square  inch  of  gross  sectional  a/rea,  or 
about  ^  of  the  working  strength  of  the  rope. 
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The  following  table  gives  the  working  strength  and  driving 
force  for  hemp  or  cotton  ropes : — 

Working  Stebngth,  &o.,  fob  Driving  Rofes. 


Diameter  of  Hope 

in  inches. 

=   S 

Girth  of  Hope 
in  Inches. 

=  r 

Working  strength 

Driving  Force 
inlba. 
=  P 

1 
2tV 

3* 

5i 
6i 

842 
1,548 
1,940 
2,602 
3,633 

76 
140 
176 
236 
330 

Taking  the  greatest  stress  in  a  hemp  or  cotton  rope  at  140 
lbs.  per  square  inch  gross  sectional  area,  and  assuming  that 
T<j  =  4  T,,  so  that  the  driving  tension  P  =  T<j  -  T,  is  105  lbs. 
per  square  inch  gross  sectional  area,  we  get  the  following  table 
showing  the  horse-power  transmitted  by  a  single  rope  for  given 
speeds : — * 

HOESK-POWBB  TkANSMITTED  BY  A  SiNOLB   ROPB   AT  HiGH  SPBBDS. 


Diameter 
of  Rope 
in  Inches. 

GWihof 

Kope 

in  Inches. 

Horse-power  Transmitted  by  one  Eope  when  the  Speed  in 
Feet  per  Minute  is  :— 

i 

y 

3,000 

3,500 

4,000 

4,500 

5,000 

5,500 

6,000 

1 

H 

a 

!; 

I' 

3-14 
3-53 
3-93 
4-32 
4-71 
5-10 
5-50 
5-89 
6-28 

7-50 
9-48 
11-72 
14-18 
16-87 
19-80 
22-97 
26-37 
30-00 

8-75 
11-07 
13-67 
16-54 
19-69 
23-11 
26-80 
30  76 
35-00 

10-00 
12-66 
15-62 
18-91 
22-50 
26-41 
30-62 
35-15 
40-00 

11-25 
14-24 
17-58 
21-27 
25-31 
29-71 
34-45 
39-55 
45  00 

12-50 
15-82 
19-53 
23-63 
28-12 
33-01 
38-28 
43-95 
60-00 

13-75 
17-40 
21-48 
26  00 
30-94 
36-31 
42-11 
48-34 
55-00 

15-00 
18-98 
23-44 
28-36 
33-75 
39-61 
45-94 
52-73 
60-00 

The  following  table  of  particulars  regarding  power  trans- 
mitted, &c.,  by  wire  ropes,  as  calculated  by  Roebling,  is  given 
in  Unwin's  MachtTie  Design,  Part  I.,  p.  434.  The  ropes  have 
each  42  wires. 

*  From  Low  &  Bevis's  Machine  Drawing  and  Design,  p.  161, 
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Diameter  of 
Eope  in 
Inches. 

Diameter  of 
PuUey 
In  Feet. 

Number  of 

Revolutions 

of  Pulley  per 

Minute. 

Velocity 
of  Belt  in 
reet  per 
Second. 

Breaking 
Strength  of 
Rope  in  lbs. 

Horse-power 
Transmitted. 

M 
i 

5 
6 

7 

100 
100 
100 

26 
31 
36 

4,260 
5,660 
8,200 

8-6 
13-4 
21-1 

Example  VII. — The  belt  pulley  of  an  engine  is  6  feet  in 
diameter,  and'  the  engine  makes  80  revolutions  per  minute. 
"What  width  of  belt  would  be  required  to  transmit  30  H.P. 
from  the  pulley,  supposing  the  belt  to  be  f  of  an  inch  in  thick- 
ness, and  the  tension  on  the  slack  side  to  be  -^  of  that  on  the 
tight  side  of  the  belt  t  The  stress  in  the  belt  is  not  to  exceed 
300  lbs.  per  square  inch  of  section.     (S.  &  A.  Adv.  Exam.,  1892.) 

Answer.— Here  D  -  6  ft.;  N  =  80 ;  H.P.  =  30. 

Thickness  of  belt  =  3  =  f  inch. 

Greatest  stress  allowed  =  f  =  300  lbs.  per  sq.  inch. 

Let  (8  =  required  width  of  belt  in  inches. 

Then,     Total  stress  on      l_m    _  a  x  f 
driving  side  of  belt  f  ~     d  —  P   J> 

„  „  = /3xf  X  300  =  112-5/8 lbs. 

Again,  T,  =  ^^T^  =  45  /3  lbs. 

Driving  fm-ce  =  P  =  T^  -  Tj  =  67-5  /3  lbs. 

P  X  irDN 


H.P.  = 


33,000 


Or, 


30  = 


22 
67-5/3  X   y  X 


6  X  80 


|8  = 


33,000 
33,000  X  30  X  7 


67-5  X  22  X  6  X  80 


=  9-72  ins. 


Example  VIII. — Two  pulleys  on  parallel  shafts  10  feet  apart, 
and  having  diameters  of  6  feet  and  1  foot  respectively,  are 
connected  by  an  open  belt  8  inches  broad.  The  larger  pulley 
makes  120  revolutions,  per  minute.  Pind  the  greatest  power 
which  can  be  transmitted,  when  the  maximum  stress  in  the  belt 
5  23 
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has  not  to  exceed  80  lbs.  per  inch  of  width,  and  taking  the 
coef5.cient  of  friction  between  belt  and  pulleys  at  0'4. 

Answer. — The  first  thing  to  be  determined  here  is  the  ratio  ot 
the  tensions  in  the  two  parts  of  the  belt.  This  is  obtained  from 
the  equation : — 

Log  ^= -4343 /.O. 

Where,  6  is  the  circular  measure  of  the  angle  subtended  at  the 
centre  of  the  smaller  pulley  by  the  part  of  the  belt  in  contact 
with  that  pulley. 

To  obtain  this  angle  we  must  first  find  the  angle,  <l>,  used  in 
equations  (VI)  and  (VII)  in  this  Lecture,  for  finding  the  length 
of  an  open  belt.  Referring  to  these  equations  and  the  figure 
at  that  part  of  the  text,  we  clearly  see  that : — 

6  =  180°  -  2  if,"  =  {-ir  -  2  <f>)  radians. 
From  equation  (VII), 

<t>  =  ain<t>  (approx.)  =  —^^  =   ^  ^  ^q  =  -25. 

6  =  3-1416  -  2  X  -25  =  2-64  radians,  approx. 

Hence,  Log  ~  =  -4343  x  -4  x  2-64  =  -458621. 
■•■« 

Referring  to  a  table  of  common  logarithms,  we  find  that : — 

0-458621  =  Log  2-87, 

I  =  2-87. 

Since,  from  the  question,  the  greatest  stress  in  the  belt  must 
not  exceed  80  lbs.  per  inch  of  width,  and  the  width  is  8  inches, 
we  get : — 

T<j  =  8  X  80     =  640  Iba 

^'  =  M7         ^  ^^^  ^''^■ 
P  =  Td  -  T,  =  417  lbs. 

22 
And,    V='jrDN       =-=-x6x  120  ft.  per  minute. 

22 
py         417  X  -^  X  6  X  120 

•'•     ^■^- =  -33;000  = SpOO 28-6  nearly. 
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This  is  the  greatest  power  which  can  be  transmitted.  If  the 
power  to  be  transmitted  be  greater  than  this,  then  slipping  will 
take  place  between  the  belt  and  the  smaller  pulley. 

Influence  of  Centrifugal  Tension  on  the  Strength  of  High-Speed 
Belts  and  Eopes. — When  belts  or  ropes  are  run  at  high  speeds 
the  tensions  in  the  two  parts  of  the  belt  or  rope  between  the 
pulleys  are  greater  than  that  calculated  from  the  horse-power 
transmitted.  This  increase  of  tension  is  due  to  the  centrifugal 
force  set  up  in  those  parts  of  the  belt  which  are  in  contact  with 
the  pulleys.  In  addition  to  this  increase  in  tension  the  centri- 
fugal action  has  also  the  effect  of  diminishing  the  normal  pressure 
between  the  belt  and  the  pulleys,  and,  therefore,  of  diminishing 
the  resistance  to  slipping. 

Let         w  =  Weight  of  belt  or  rope,  in  Ihs.  per  linear/oot^ 
,,  V  =  Velocity  of  belt  or  rope,  in/eet  per  second. 

,,  r  =  Radius  of  the  pulley  in^ee*. 

„   Ta,  T,  =  Tensions  in  driving  and  slack  sides  of  belt  or  rope 

as  calculated  from  power  transmitted. 
„    T(i,  T,  =  Tensions  in  driving  and  slack  sides  of  belt  or  rope 
corrected  for  centrifugal  action. 

For  simplicity,  suppose  the  belt  embraces  half  the  circumfer- 
ence of  the  pulley  considered. 


Then, 


Centrifugal  force  of  belt  per  linear  foot  =  lbs. 

gr 


In   the   figure, 
represent   a   part 


Belt  Embracing  Half  Circumpekence 

or  PuLIiBT. 


let  a  b 
of  the 
belt  1  foot  in  length.  Let 
m  71  be  the  projection  of 
a  6  on  the  diameter  A  B. 
It  will  be  shown  in  a  sub- 
sequent Lecture,  that  the 
horizontal  component  of 
the  centrifugal  force  on  the 
part,  ab,  of  the  belt  is: — . 


gr 


X  mrt. 


Hence,  for  the  whole  arc  of  contact,  A  C  B,  we  get : — 


Total  horizontal  component  1 
of  centrifugal  force  f 


gr 


A  B  =  lbs. 
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One-half  of  this  centrifugal  tension  is  felt  at  A,  and  the  other 
half  at  B.  Therefore,  the  actual  tensions  in  the  two  parts  of  the 
belt  are : — 

t:  =  T.  +  — 

From  these  equations  it  will  be  seen  : — 

(1)  That  the  diameters  of  the  pulleys  have  nothing  to  do  with 
the  results,  and 

(2)  That  the  driving  force  or  tension,  P  =  T^  -  TJ  =  Ta  -  T, 
and  is,  therefore,  the  same  as  before. 

If  the  speed  be  great,  the  above  value  for  T^  must  be  taken 
when  calculating  the  size  of  a  belt  or  rope  to  transmit  a  given 
power. 

The  values  of  w  may  be  calculated  from  the  following  ap- 
proximate formulse  : — 

Let  /3  =  Breadth  of  leather  belt  in  inches. 
„      S  =  Diameter  of  rope,  or  thickness  of  belt  in  inches. 
„     y  =  Girth  of  rope  in  inches. 

Then,  ID  =  043  3  d  lbs.,  nearly,  for  leather  belts, 
w  =  0-281  a2 


V) 


0-28152       „        I  ,      , 

Q.Qogc    2  (      "     ''2'  "^'""'P  <"■  coffo''^  ropes. 


w  =  0-3376  8^     „         \      „   wet  or  tarred  hemp  or  cotton 
w  =  0-034272     ^_         f  ropes. 

w  =  1-34152        jj  J,  wire  ropes. 

Example  IX. — Determine  the  horse-power  which  may  be  trans- 
mitted by  a  leather  belt,  5  inches  wide  and  J  inch  thick,  running 
at  a  speed  of  50  feet  per  second,  the  tension  in  the  loose  side 
being  -f^  erf  that  on  the  tight  side  of  the  belt,  and  the  stress 
allowed  being  275  lbs.  per  square  inch  (S.  &  A.  Hons.  Mach. 
Const.  Exam.,  1886).  Again,  taking  the  weight  of  a  cubic  foot 
of  the  leather  at  60  lbs.,  determine  the  effects  due  to  centrifugal 
action. 

Answer. — Here,  V  =  3,000  ft.  per  minute;  ;8  -  5  inches; 
5  =  J  inch ;  /  =  275  lbs.  per  square  inch ;  T,  =  ^  T^. 
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(1)  Neglecting  centrifugal  action. 

P  =  Td       T,  =  -6  Td. 
But,       Td  =  (3  3/  =  5  X  i  X  275  =  343-75  lbs. 
Hence,     P  =  -6  x  34375  =  206 -25  lbs. 
.  HP  P^         206-25x3,000 

(2)  Taking  centrifugal  action  into  account. 

Let  W  =  Weight  of  a  cvibic  foot  of  leather  in  lbs. 
„      w  =  Weight  of  a  linear         „  „ 

„     A  =  Cross  sectional  area  of  belt  in  square  iocbes. 

Then,  clearly,  w  :  W  =  A  :  144. 

WA 

«>  =  -144- 

Substituting  the  values  given  in  the  question,  we  get : — 

60  X  5  X  i 

w  = T-fl *  =  '521  lbs. 

144 

Substituting  this  in  equation  (XV),  in  the  text,  and  observing 
that  V  =  50  ft.  per  second,  we  get : — 

Increase  of  tension  due  )    ^  wv^  ^  -521  x  50  x  50_.Qy . 
to  centrifugal  force      )  9  32 

But  the  maximum  tension  allowed  in  the  belt  is  343-75  lbs., 
hence : — 

Maximum  effective  tension  =  343-75  -  40-7  =  303  lbs.  nearly. 

P  =  -6  X  303  =  181-8  lbs. 

HP  P^  181-8x3,000 

""  ■  ~    33,000    ~        33,000        ~  ^^  °^ 

This  example  shows  that  the  power  is  reduced  by  about  12  per 
cent,  when  centrifugal  action  is  taken  into  account. 
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Lecture  XVI.— Questions. 

1.  Find  an  expression  for  the  length  of  a  crossed  belt,  and  show  that  the 
same  driving  belt  will  serve  for  any  pair  of  pulleys,  bo  long  as  the  belt 
is  crossed  and  the  distance  apart  of  their  centres  and  the  sum  of  their 
diameters  remains  constant. 

2.  The  centres  of  two  pulleys,  4  and  2J  feet  in  diameter  respectively, 
are  12  feet  apart.     Find  length  of  crossed  belt  required.     Atis.  35'1  feet. 

3.  A  crossed  belt  is  employed  to  connect  two  equal  coned  drums,  having 
their  axes  parallel,  and  their  vertices  lying  in  opposite  directions.  Prove 
that  the  belt  will  be  equally  tight  in  all  positions  when  shifted  along  the 
cones.     Would  the  same  be  true  if  the  belt  were  not  crossed  ? 

4.  By  aid  of  a  grcuphicod  construction  determine  the  length  of  a  crossed 
belt  required  to  embrace  either  of  two  pairs  of  pulleys  which  are  mounted 
on  parallel  shafts  3  feet  6  inches  apart.  The  smaller  pulley  on  each  shaft 
is  8  inches  diameter,  and  the  velocity-ratio  at  the  higher  speed  is  required 
to  be  four  times  that  at  the  lower  speed.     Atis.  10'4  feet. 

5.  The  diameters  of  the  pulleys  of  a  stepped  speed-cone  for  a  machine 
are  13J,  llj,  QJ,  and  7i  inches  respectively,  and  the  diameter  of  the 
smallest  pulley  of  the  stepped  driver  is  SJ  inches.  The  connection  being 
made  by  means  of  a  crossed  belt,  what  should  be  the  diameters  of  the  other 
pulleys  of  the  stepped  driver  ?  If  the  driving  shaft  makes  120  revolutions 
per  minute,  find  the  revolutions  per  minute  of  the  machine  pulley  for  all 
positions  of  the  belt. 

An^.  (1)  lOi,  12J,  and  14i  inches  ;  (2)  75-5,  109-6,  157-9,  and  232. 

6.  A  shaft  having  a  stepped  speed-cone,  with  four  steps,  revolves  at  a 
constant  speed  of  150  revolutions  per  minute,  and  is  connected  by  means 
of  a  crossed  belt  to  another  shaft  having  a  similar  stepped  cone.  The 
diameter  of  the  largest  step  of  the  cone  on  the  driving  shaft  is  13J  inches. 
The  driven  shaft  is  required  to  run  at  speeds  250,  200,  120,  and  60  revolu- 
tions per  minute.  Determine  the  diameters  of  all  the  remaining  steps  of 
the  two  cones,  and  the  length  of  belt  required,  the  distance  between  the 
two  shafts  being  8  feet.  Ans,  (1)  D2  =  12  inches,  Dg  =  9-333  inches, 
1)4  =  6  inches;  dl  =  ^^8^5  inches,  d^  =  9  inches,  t^s  =  11*667  inches, 
di  =  15  inches  ;  (2)  18-94  feet. 

7.  Find  an  expression  for  the  length  of  an  open  belt.  The  centres  of  two 
pulleys,  5  and  2|  feet  in  diameter  respectively,  are  15  feet  apart.  Find 
length  of  open  belt  required.     Ans.  42-26  feet. 

8.  Two  pulleys,  whose  diameters  are  4  feet  8  inches  and  2  feet  3  inches 
respectively,  their  centres  being  10  feet  apart,  are  connected  by  an  open 
belt,  determine,  by  a  graphical  coustru'itiou,  the  length  of  belt  required. 
Ans.  31  feet. 

9.  Explain  how  you  would  design  a  let  of  speed  cones  to  be  worked  by 
an  open  belt,  the  angular  velocity-ratios  being  given  you. 

10.  A  countersha^  revolves  at  a  constant  speed  of  250  revolutions  per 
minute,  and  carries  u  stepped  speed-cone  with  four  steps,  and  drives  a 
similar  cone  on  another  shaft  by  means  of  an  open  belt.  The  driven  shaft 
is  required  to  run  at  speeds  520,  300,  245,  and  180  revolutions  per  minute 
respectively.  Given  the  diameter  of  the  largest  step  on  the  driving  cone 
22  inches,  and  the  distance  between  the  shafts  8^  feet ;  find  the  remaining 
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sizes  of  the  steps  on  both  cones.  Ans.  D.,=17"87  inches;  D3=  16 '22  inches 
1)4=  13 '70  inches;  di  =  10*58  inches  ;  (ij  =  14'90  inches  ;  d3  =  16'56  inches; 
^4  =  19 '04:  inches. 

M.  Deduce  a  formula  for  the  greatest  ratio  of  the  tensions  in  the  two 
parts  of  a  belt  stretched  over  a  pulley  when  slipping  is  just  about  to  take 
place.  Two  pulleys,  whose  diameters  are  5|  and  2  feet  respectively,  are 
15  feet  apart.  Find  the  maximum  ratio  of  tensions  in  tight  and  slack  sides 
of  belt  (1)  when  the  belt  is  crossed,  (2)  when  the  belt  is  open,  given  /i=0"3. 
Ans.  (1)  3  :  1 ;  (2)  2-38  :  1. 

12.  Deduce  a  formula  for  the  greatest  ratio  of  the  tensions  in  the  two 
parts  of  a  rope  stretched  over  a  grooved  pulley,  the  rope  being  wedged  into 
the  grooves  slipping  being  just  about  to  occur.  Find  the  greatest  ratio  of 
the  tensions  in  the  two  parts  of  a  cotton  rope  running  over  grooved  pulleys, 
the  arc  of  contact  on  the  smaller  pulley  being  ^  of  the  whole  circumference, 
angle  of  groove  40°,  coefficient  of  friction,  ju  =  0'25.     Ans.  6"77  :  1. 

13.  Explain  the  following  paradox  in  connection  with  belt  gearing : — 
For  every  foot  of  belt  length  that  goes  on  to  the  driving  pulley,  less  than 
a  foot  comes  off  and  goes  on  to  the  driven  pulley.  Would  the  statement 
still  be  true  if  we  substituted  unit  weight  of  belt  instead  of  unit  length  of 
belt?    If  not,  why  not? 

14.  Explain  how  the  formula  for  obtaining  the  power  transmitted  by  a 
stretched  belt  running  over  pulleys  is  arrived  at.  What  horse-power  may 
be  transmitted  by  a  belt  10  inches  wide,  and  ^  inch  thick,  running  at  a 
speed  of  42  feet  per  second ;  the  tension  on  the  slack  aide  of  the  belt  being 
0'4  of  that  on  the  driving  side  ?  The  stress  allowed  is  300  lbs.  per  square 
inch  of  belt  section.     Ans.  68-72  H.P. 

15.  A  belt  is  required  to  transmit  4  horse-power  from  a  shaft  running  at 
120  revolutions  to  one  at  160  revolutions  per  minute.  Find  the  stresses  in 
the  belt,  the  small  pulley  being  2  feet  in  diameter,  and  the  ratio  of  the 
tensions  on  the  belt  being  as  7  is  to  4.  Find  also  the  width  of  belt  that 
would  be  required  in  the  above  case,  if  the  stress  is  taken  at  100  lbs.  per 
inch  of  width.     Ans.  306-25  lbs.  ;  175  lbs. ;  3-06  inches. 

16.  A  pulley,  3  feet  6  inches  in  diameter,  and  making  150  revolutions  per 
minute,  drives  by  means  of  a  belt  a  machine  which  absorbs  7  horse-power. 
What  must  be  the  width  of  the  belt  so  that  its  greatest  tension  shall  be  70 
lbs.  per  inch  of  width,  it  being  assumed  that  the  tension  in  the  driving  side 
is  twice  that  in  the  slack  side  ?    Take  tt  =  3f .     Ans.  4  inches. 

17.  In  the  modem  system  of  transmitting  power  through  long  distances 
by  a  slender  wire  rope  moving  at  a  high  velocity,  the  following  example 
occurs  : — The  pulley  which  drives  the  rope  is  15  feet  in  diameter,  making 
100  revolutions  per  minute,  and  the  energy  to  be  transmitted  is  measured 
by  250  horse-power.  Find  the  tension  of  the  wire  rope,  which  in  this  case 
is  I  inch  in  diameter.    Ans.  1,750  lbs.,  or  3,9b0  lbs.  per  square  inch  nearly. 

18.  A  leather  belt  is  required  to  transmit  2  H.P.  from  a  shaft  running  at 
80  revolutions  per  minute  to  a  shaft  running  at  160.  Find  the  stresses  in 
the  belt,  assuming  that  the  smaller  pulley  is  12  inches  in  diameter,  and 
that  the  ratio  of  the  tensions  in  the  tight  and  slack  sides  of  the  belt  is 
2J  :  1.  Hence,  find  the  width  of  belt,  taking  the  working  stress  at 
100  lbs.  per  inch  of  width.     Ans.  236-3  IbB. ;  105  lbs. ;  2-36  inones. 

19.  Suppose  the  friction  of  two  pulleys  is  such  that  the  ratio  of  the 
tensions  in  the  tight  and  slack  sides  of  the  belt  is  1  -75.  Also,  suppose  the 
greatest  safe  working  tension  to  be  120  lbs.  per  inch  width  of  belt.  Find 
the  width  of  a  belt  to  transmit  10  horse-power,  the  circumferential  speed 
of  the  pulleys  being  20  feet  per  second.     Ans.  5-34  inches. 

20.  Assuming  that  the  arc  embraced  by  a  belt  on  the  smaller  of  two 
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pulleys  over  which   it  runs   is  yV  oi  the  circumference,  and   that  /x  is 
taken  =^  0*3,  prove  the  following  simple  approximate  rule  for  the  breadth 

OAO  TT  p 

of  a  leather  belt : — /3  =  — -..   "      inches  ;  where  H.  P.  is  the  horse-power 
V  o 

transmitted,  V  the  velocity  of  belt  in  feet  per  minute,  and  S  the  thickness 

of  belt  in  inches.     Greatest  working  stress,  300  lbs.  per  square  inch. 

21.  It  is  required  to  transmit  10  H.  P.  from  a  puUey  5  feet  in  diameter, 
and  making  200  revolutions  per  minute,  to  one  18  inches  in  diameter,  by 
means  of  an  open  belt,  the  centres  of  the  pulleys  being  12  feet  apart. 
Taking  coefficient  of  friction  between  belt  and  pulley  at  0"35;  find  (1)  angle 
of  contact  on  smaller  pulley ;  (2)  the  speed  of  smaller  pnlley  ;  and  (3)  the 
width  of  single  belt  ^  inch  thick  which  will  be  necessary.  Ans.  (1)  163°; 
(2)  52-36  feet  per  second;  (3)  3  inches. 

22.  It  is  required  to  transmit  16  H.  P.  from  a  puUey  20  inches  in  diameter 
by  means  of  a  belt  which  embraces  only  %  of  the  circumference  of  the 
pulley.  Find  the  tensions  in  the  two  parts  of  the  belt  when  slipping  is 
just  prevented,  and  the  width  of  belt  required,  the  thickness  of  the  belt 
being  f  inch,  speed  of  pulley  120  revolutions  per  minute,  coefficient  of 
friction  M  =  0-35.     Ans.  2174-5  lbs.;  1333-75  lbs.;  19-35  inches. 

23.  What  circumstances  affect  the  action  of  a  belt  when  the  speed  is 
high? 

24.  Find  an  expression  for  the  increase  in  the  tensions  in  the  tight  and 
slack  sides  of  a  belt,  taking  centrifugal  action  into  account.  In  question  14 
make  the  necessary  corrections  for  centrifugal  action,  being  given  that  the 
weight  of  a  cubic  foot  of  leather  weighs  60  lbs.     Ans.  63-45  H.P. 

25.  In  question  17  make  the  necessary  corrections  for  centrifugal  action, 
given  that  the  weight  of  a  linear  foot  of  wire  rope  J  inch  in  diameter  is 
3  lbs.     Ans.  2,330  lbs. 

26.  Show  that  the  fractional  resistance  between  a  belt  and  a  flat  pulley 
may  be  represented  by  the  formula — 


logC^)  =  0-4,343  fie 


when  T  and  t  represent  the  tensions  respectively  on  the  two  sides  of  the 
belt,  of  which  T  is  greater  than  t;  /lis  the  coefficient  of  friction  between 
the  belt  and  the  rim  of  the  pulley,  and  8  is  the  circular  measure  of  the 
angle  subtended  at  the  centre  of  the  pulley  by  the  part  of  the  belt  which  is 
in  contact  with  the  pulley.  If  p  =  O'l,  what  would  be  the  greatest  load 
that  could  be  supported  by  the  rope  or  chaia  which  passes  around  the 
drum,  12  inches  in  diameter,  of  a  treble  purchase  crab  or  winch,  which  is 
fitted  with  a  strap  friction  brake  worked  by  a  lever,  to  the  long  arm  of 
which  a  pressure  of  60  lbs.  is  applied  ?  The  diameter  of  the  brake  pulley 
is  30  inches,  and  the  brake  handle  is  3  feet  in  length  from  its  fulcrum  :  one 
end  of  the  brake  strap  is  immovable,  being  attached  to  the  pin  forming  the 
fulcrum  of  the  brake  handle,  while  the  other  end  of  the  strap  or  belt  is 
attached  to  the  shorter  arm,  3  inches  in  length  of  the  brake  lever.  The 
angle  subtended  by  the  strap  at  the  centre  of  the  brake  pnlley  measures 

-^.    The  gearing  of  the  crab  is  as  follows  : — On  the  shaft  which  carries 

the  brake  wheel  is  a  pinion  of  15  teeth,  and  this  gears  into  a  wheel  of 
60  teeth  on  the  second  shaft ;  a  pinion  of  20  teeth  on  this  latter  shaft  gears 
into  a  wheel  with  60  teeth  carried  npon  the  drum  or  barrel  shaft.  Sketch 
the  crab  and  show  the  construction  of  the  brake.  Given  -20466  =  log  1  -602. 
(S.  &  A.  Hons.  Exam.,  1896.) 
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27.  Prove  the  law  for  the  slipping  of  a  belt,  and  show  how  it  enables  us 
to  calculate  the  size  of  a  belt.  A  belt  laps  150  degrees  round  a  pulley  of 
3  feet  diameter,  making  130  revolutions  per  minute  ;  the  ooefBoient  of 
friction  is  0-35.  What  is  the  maximum  pull  on  the  belt  when  20  horse- 
power is  being  transmitted  and  the  belt  is  just  on  the  point  of  slipping  ? 
(S.  &  A.  Hons.  Exam.,  1897.) 

28.  Give  the  theory  of  the  slipping  of  a  belt,  and  deduce  the  rule  employed 
'n  calculating  the  proper  size  of  a  belt.  What  experiment  have  you  made 
"r  heard  of  to  illustrate  the  law  of  slipping?    (S.  &  A.  Hons.  Exam. ,  1898. ) 

29.  How  does  the  friction  between  a  belt  and  pulley  depend  on  the 
amount  of  lapping?  Describe  how  you  would  determine  this  experi- 
mentally. With  a  certain  amount  of  lapping  suppose  that  slipping  occurs 
when  the  tension  on  the  tight  side  is  twice  what  it  is  on  the  slack  side ; 
find  the  tension  when  the  belt,  moving  at  15  feet  per  second,  gives  20 
horse-power  to  the  pulley,  slipping  just  not  taking  place. 

An^.  Ti  =733-3  lbs. ;  T2=  1,466-6  lbs.     (B.  of  E.,  Adv.,  1900.) 

30.  A  leather  belt  a  quarter  of  an  inch  thick  has  to  transmit  10  H.  P.  from 
a  pulley  4  feet  in  diameter  to  a  second  pulley  3  feet  in  diameter,  the 
driving  pulley  making  120  revolutions  per  minute.  Assuming  that  the 
tension  in  the  tight  side  of  the  belt  is  twice  that  in  the  slack  side,  find  the 
width  of  belt  necessary,  the  safe  working  stress  of  belting  being  320  lbs. 
per  square  inch.     (C.  &  G.,  1902,  O.,  Sec.  A.) 

31.  Power  is  transmitted  from  one  shaft  to  another  by  means  of  belting. 
How  is  the  amount  of  power  capable  of  being  transmitted  afiected  by,  (1) 
the  angle  of  lapping,  (2)  the  weight  of  the  belting,  (3)  journal  friction,  (4) 
the  stifihess  of  the  belt,  (5)  elastic  slip,  (6)  centrifugal  tension  in  the  belt? 

B.  of  E.,H.,  Parti.,  1903.) 

32.  A  belt  transmits  60  H.P.  to  a  pulley  20  inches  in  diameter  running 
at  260  revolutions  per  minute.  What  is  the  difference  of  the  tensions  on 
the  tight  and  slack  sides  ?  If  the  material  is  such,  that  to  prevent  slipping 
it  is  necessary  to  keep  one  tension  2J  times  the  other,  what  is  the  tension 
on  the  tight  side  in  this  belt  ?    (B.  of  E.,  S.  2,  1904.) 

33.  What  width  of  leather  belt  would  be  required  to  transmit  25  H.  P. 
under  the  following  conditions? — Diameter  of  pulley,  27  inches.  Revolu- 
tions of  pulley  per  minute,  130.  Coefiicient  of  friction  between  the  belt 
and  the  pulley  rim,  0-18.  Angle  of  contact  of  belt  with  the  pulley,  210°. 
Maximum  tension  in  the  belt  per  inch  of  its  width,  ]  20  lbs.  Prove  the 
formula  which  you  employ.     (B.  of  E.,  S.  3,  1905.) 

34.  The  speed  cone  of  a  small  lathe  has  three  steps  of  diameters, 
6|  inches,  4J  inches,  and  2|  inches,  respectively.  On  the  corresponding 
cone  of  the  countershaft  the  diameter  of  the  largest  step  is  7§  inches. 
Find  the  diameters  of  the  other  two  steps  on  this  cone  in  order  to  obtain 
uniform  tightness  of  the  driving  belt  at  all  speeds,  if  the  driving  belt  is 
crossed.     (B.  of  B.,  S.  2,  1906.) 

35.  Find  the  maximum  horse-power  which  can  be  transmitted  by  a  hemp 
rope  1  inch  in  diameter  at  a  speed  of  70  feet  per  second,  if  the  rope  is 
broken  with  a  pull  of  5,700  lbs.,  and  it  is  desired  to  have  a  factor  of  safety 
of  30.  The  angle  of  the  groove  in  which  the  rope  runs  is  60°,  and  the 
coefficient  of  friction  may  be  taken  as  0*25,  and  it  is  in  contact  with  the 
pulley  for  half  the  circumference.  Find  also  the  centrifugal  tension  in  the 
rope  if  the  flywheel  is  10  feet  in  diameter,  and  the  reduction  in  the  horse- 
power transmitted  due  to  this  tension.  Weight  of  rope  for  1  foot  of 
length  =  0-28  lb.     (B.  of  E.,  S.  3,  1906.) 

36.  A  leather  belt  weighs  0'036  lb.  per  cubic  inch.  Determine  the  linear 
speed  of  the  belt  when  the  power  transmitted  is  a  maximum,  if  the  tensile 
stress  in  the  leather  is  not  to  exceed  500  lbs.  per  square  inch. 

(B.  of  E.,  S.  3,  1908.) 
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Lecture  XVI. — A.M.Inst.C.E.  Exam.  Questions. 

1.  When  a  band  is  slipping  over  a  pulley,  show  how  the  ratio  of  the  ten- 
sions on  the  tight  and  slack  sides  depends  on  the  friction  and  on  the  angle 
of  contact.  Apply  your  result  to  explain  why  a  rope  exerting  a  great  pull 
may  be  readily  held  by  giving  it  two  or  three  turns  round  a  post. 
(I.C.E.,  Oct.,  1897.) 

2.  A  stepped  piilley  carried  on  a  driving  shaft  making  120  revolutions 
a  minute,  has  the  first  step  20  inches  in  diameter.  From  this  step  another 
shaft  10  feet  away  has  to  be  driven  at  220  revolutions  per  minute  by  means 
of  a  crossed  belt.  From  another  step  the  speed  of  the  driven  shaft  has  to 
be  165  revolutions  per  minute  Calculate  the  length  of  the  belt  and  the 
sizes  of  the  steps.     (I.C.E.,  Feb.,  1899.) 

3.  Find  the  relation  between  the  tensions  in  the  two  ends  of  a  cord 
which  makes  one  turn  round  a  drum.     (I.C.B.,  Oct.,  1899.) 

4.  The  tension  per  inch  width  of  a  belt  must  not  exceed  110  lbs.,  find  the 
width  of  belt  necessary  to  transmit  12  H.P.  from  a  shaft  running  at  80 
revolutions,  the  diameter  of  the  driving  pulley  being  4  feet  6  inches,  and 
the  ratio  of  the  tensions  If  to  1.     (I.C.E.,  Oct.,  1900.) 

5.  A  driving  shaft  runs  at  100  revolutions  per  minute,  and  carries  » 
pulley  22  inches  in  diameter,  from  which  a  belt  communicates  motion  to  a 
pulley  12  inches  in  diameter  carried  upon  a  countershaft.  On  the  counter- 
shaft is  a  cone  pulley  having  steps  8  inches,  6  inches,  and  4  inches  diameter, 
which  gives  motion  to  another  cone  pulley  with  corresponding  steps  on  a 
lathe  spindle.  Sketch  the  arrangement,  and  find  the  greatest  and  least 
speeds  at  which  the  lathe  spindle  can  revolve.     (I.C.E.,  Feb.,  1902.) 

6.  Compare  the  use  of  a  crossed  with  that  of  an  open  belt  for  connecting 
two  rotating  pulleys^  pointing  out  the  differences,  advantages,  and  disad- 
vantages in  the  action.  Calculate  the  revolutions  per  minute  of  a  dynamo 
driven  by  a  belt  \  inch  thick,  the  diameter  of  puUey  of  dynamo  being  6 
inches,  and  the  angular  velocity  of  the  driving  pulley  of  4  feet  fi  inches 
diameter  being  10  radians  per  second.  Allow  2  per  cent,  slip  for  elasticity 
of  belt.     (I.C.E.,.^e6.,  1903.) 

7.  Upon  what  does  the  limiting  ratio  of  the  tensions  in  the  tight  and 
slack  sides  of  a  belt,  when  transmitting  power,  depend?  A  leather  belt 
I  inch  thick  has  to  transmit  10  H.P.  from  a  pulley  4  feet  in  diameter  to 
a  second  pulley,  the  driving-pulley  making  120  revolutions  per  minute. 
Assuming  that  the  tension  in  the  tight  side  is  twice  that  in  the  slack  side, 
find  the  width  of  belt  necessary,  the  safe  working-stress  of  belting  being 
320  lbs.  per  square  inch.  Ans.  The  limiting  ratio  of  the  tensions  in  the 
tight  and  slack  sides  of  a  belt  depend  upon  the  coefficient  of  friction  and 
the  angle  of  contact.     Width  of  belt  =  5J  inches.     (I.C.E.,  Oct.,  1903.) 

8.  Explain,  with  sketches,  the  arrangement  of  fast  and  loose  pulleys 
and  speed  cone  for  driving  any  machine  tool,  explaining  the  objects  of  the 
arrangement.  Point  out  on  which  side  of  the  belt  the  shifting  fork  must 
press,  giving  your  reasons.     (I.C.E.,  Feb.,  1904.) 

9.  A  belt,  which  weighs  w  lbs.  per  foot  length,  passes  over  a  pulley 
whose  circumferential  velocity  is  v  feet  per  second.     Show  that,  due  to 

motion,  the  pull  in  the  belt  is  ^^  lbs.     (I.  C.  E. ,  Feb. ,  1905. ) 

10.  Show  that  a  crossed  belt  will  be  equally  tight  on  any  pair  of  pulleys 
mounted  on  parallel  shafts  in  fixed  bearings,  if  the  sum  of  the  diameters  is 
the  same  for  each  pair.    On  one  shaft  there  are  three  pulleys,  of  which 
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the  diameter  of  the  largest  is  9  inches,  and  o£  the  smallest  6  inches.  On 
the  other  shaft,  connected  by  a  crossed  belt,  the  smallest  pulley  has  a 
diameter  of  4  inches : — Determine  the  diameters  of  the  other  pulleys,  it 
being  required  that  the  intermediate  pair  should  give  an  angular  velocity 
ratio,  which  is  an  arithmetical  mean  of  those  due  to  the  extreme  pairs. 
(l.C.^.,  Feb.,  1905.) 

11.  Explain  what  is  meant  by  the  centrifugal  tension  of  a  running  belt. 
Show  that  it  is  equal  to  the  momentum  of  the  mass  of  belt  which  passes 
a  fixed  point  in  the  unit  of  time.  Also  show  that,  when  the  belt  is 
transmitting  the  maximum  power,  the  centrifugal  tension  will  amount  to 
one-third  of  the  tensile  strength  of  the  belt.     (I.C.E.,  Feb.,  1905.) 

12.  Show  that  the  necessary  condition  for  the  proper  running  of  belt 
gearing  is,  that  the  point  at  which  the  belt  is  delivered  from  any  pulley 
shall  be  in  the  plane  of  the  next  pulley  in  the  direction  in  which  the  belt 
is  running.  Apply  this  rule  to  show  under  what  conditions  two  shafts, 
which  are  not  parallel,  and  do  not  intersect,  can  be  connected  by  a 
continuous  belt  without  guide  pulleys.  Show  also  under  what  conditions 
it  becomes  necessary  to  use  guide  pulleys,  and  describe  how  the  belt 
should  be  twisted  so  that  the  same  side  will  be  in  contact  with  all  the 
pulleys.    (I.  C.  E. ,  Oct. ,  i  905. ) 

13.  Define  an  "open  belt"  and  a  "crossed  belt,''  giving  explanatory 
hand  sketch.  If  D  and  d  are  the  diameters  of  the  pulleys,  and  I  is  the 
distance  between  their  centres,  show  how  to  find  the  length  of  the  belt  in 
the  case  of  a  crossed  belt.     (I.C.E.,  Feb.,  1906.) 

14.  A  pulley  on  a  driving  shaft  is  36  inches  in  diameter,  and  makes 
200  revolutions  per  minute.  The  tensions  in  the  belt  are  350  lbs.  and 
100  lbs.  weight  on  either  side  of  the  pulley.  Calculate  the  horse-power 
transmitted  by  the  belt.  If  the  belt  is  1  square  inch  in  section  and  weighs 
0"50  lb.  per  foot  run,  find  the  total  tension  on  the  driving  side  of  the  belt 
when  centrifugal  action  is  taken  ijito  account.     (I.C.B.,  Oct.,  1906.) 

15.  50  H.P.  have  to  be  transmitted  by  a  leather  belt  from  a  driving  shaft 
placed  10  feet  above  and  at  right  angles  to  the  driven  shaft.  The  driven 
shaft  is  to  run  twice  as  fast  as  the  driving  shaft.  Describe  and  give  hand 
sketches  of  the  arrangement  of  pulleys  and  belt  you  ^vould  propose, 
markina  approximate  dimensions,  the  belt  being  5  inches  wide. 

^    *^^  (I.C.E.,  Feb.,  1908.) 

16.  What  are  the  chief  sources  of  loss  in  belt  gearing?  Give  an 
expression  connecting  the  tensions  on  the  two  sides  of  a  belt-driven  pulley, 
the  angle  of  contact  and  the  friotional  coefficient,  and  show  Low  the 
efficiency  of  the  drive  is  affected  by  alterations  in  the  tensions.  What 
are  the  practical  limitations  to  these  tensions  in  both  directions  ? 

^  (I.C.E.,  Oct.,  1908.) 

17.  An  engine  running  at  50  revolutions  per  minute  drives  a  main  shaft 
through  belt  or  ropes  at  300  revolutions  per  minute.  If  300  H.P.  have  to 
be  transmitted,  sketch  the  arrangement  of  drive  you  would  propose  and 
calculate  the  dimensions  of  the  belt  or  ropes  required. 

(I.C.E.,  Oct.,  1908 
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LECTURE   XVIT, 

Contents.  —  Instantaneous  Axis  —  Ritterahaus's,  Klein,  and  Maasau'a 
Methods  for  Determining  the  Inertia  Forces  in  the  Moving  Parta 
of  a  Reciprocating  Engine — Action  of  the  Crank — Tangential  and 
Radial  Forces — Diagrams  of  Twisting  Momenta  with  Uniform  and 
with  Variable  Steam  I'reaaure  on  Piston,  neglecting  as  well  as  taking 
Account  of  the  Obliquity  of  Connecting-rod — Effect  of  Inertia  of 
Moving  Parts — Case  of  a  Horizontal  Engine  with  Connecting-rod  of 
Infinite  Length — Example  I.  —Indicator  Diagrams  as  modified  by 
Inertia — Graphic  Representation  of  the  Inertia — Case  of  a  Horizontal 
Engine  with  Connecting-rod  of  Finite  Length — Example  II. — Position 
of  Inatautaneoua  Axis  of  Connecting-rod — Crank  Effort  Diagrams  of 
"  The  Thomas  Russell  Engine"  and  of  a  "  Triple-Expansion  Engine" 
— Crank  Effort  Diagrams  of  the  Quadruple- Expansion  Five-Crank 
Engines  of  S.S.  "Inohdune" — Example  III. — Questions. 

Inertia  of  the  Reciprocating  Parts  of  an  Engine. — In  the  first 
place,  the  student  should  clearly  understand  how  to  find  the  ratio 
of  the  velocity  of  the  piston  to  that  of  the  crank-pin  at  any 
point,  since  the  rate  of  change  of  velocity  of  the  piston  deter- 
mines the  inertia  force. 

Construction.-^'Dr&vr  O  K  and  D  L  ±  to  O  D.  Produce  D  0 
to  K,  and  0  0  to  L.  Then  L  D  represents  the  velocity  of  the 
piston  to  the  same  scale  that  L  0  does  that  of  the  crank-pin, 
since  L  is  the  instantaneous  centre  or  axis  of  the  connecting- 
rod,  D  0. 

_  Speed  of  piston     _  LP 

'       Speed  of  crank-pin       LC 

But  the  triangles  L  D  0  and  0  K  0  are  similar. 

Speed  of  piston     _  •"  _  LP  _  OK 
Speed  of  crank-pin  "  T  ~  LC       0  C' 

/  The  velocity  of  cross-  ^  ^dx       9^^  =  V ^  =  »,a: tan  p,  (I.) 
^^'  \     head  or  piston, «,     f     dt       OG        r  ^  ^  ' 

Here,  O  0  being  the  length  of  crank,  it  is  constant,  and  may 
therefore  represent,  to  scale,  the  constant  linear  velocity  of  the 
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crank-pin,  whilst  O  K  will  represent,  to  the  same  scale,  the 
linear  velocity  of  the  crosshead  D  or  the  piston.  Also,  the 
angular  velocity  of  the  crank-pin  C,  about  its  centre  O,  is  equal 
to  the  angular  velocity  of  the  connecting-rod  end  C  about  the 
instantaneous  axis  L  (see  also  Lecture  Y.,  Fig.  9). 

Angular  velocity  of  crank-pin      _  u         v/r    _  L  C 
Angular  velocity  of  connecting-rod       n       ■w/L  C       O  C 

n       00 


Thus,.- 


Or, 

u 

From  similar  triangles  O 0 K  and  LCD, 

PC 
LO 


LO" 

KG 
CD" 


>«< 


--I-*' 


Fig.  1. — To  find  the  Ratio  of  the  Speed  of  Pistok  to  that  of 
THE  Oeank-pin. 


Index  to  Figs.  1,  2,  and  3. 

Let        O  be  Centre  of  crank-shaft. 
C  „  Centre  of  crank-pin. 
D  , ,  Centre  of  crosshead. 
00  ,,  Length  of  crank 
DC  ,,  Length  of  connecting-rod 
0  D  ,,  Distance  between  centres  O  and  D 
OK  „  XtoOD 
K C  „  DC  produced  to  K  , 
DOC  „  at  any  position 
0  D  0  „  at  a  relative  position 
The  linear  velocity  of  crank-pin. 
The  linear  velocity  of  piston  . 

The  angular  velocity  of  crank-pin 

Instantaneous  angular  velocity  of  connecting-rod 


=  r. 

=  1. 
=  X. 
=  k. 
=  k. 

=  e. 
=  </.. 

=  V  =  o)  r. 
=  V. 

~  "      r        dt' 
=  Q. 
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j  Instantaneous  angular  ) 

(    vel.  of  connecting-rod  J       XX       OC       KO.     k 

Angular  vel.  of  crank-pin  ~  u  ~  ITO  ""  C  D  ~  T 


Or, 


(11.) 


But,  the  acceleration  a^  D  is  a  —  -^  =  —  (w  a;  tan  p). 


Or,  «  =  Jtanp^  +  ^.^l  (III.) 

'  \        ^d<     cos^p    dt^    ^       ' 

The  angular  velocity  of  the  connecting-rod  is — 

.    (IV.) 


_       d<p  ah 

d7  "   ~  T" 


,  dx 


Inserting  this  value  of  fl  and  that  of  -r-  in  (II.),  we  get — 

a  =  w^^tctan^ffl j—  .  -v 

\  ^       cos^  p      I)' 

(The  acceleration  of  cross-)       gf^         «:        ^)  ,_. 

•'•\    head  or  piston,  a,         j     "ja;  "  cos^p  '  ly      '     ^   '' 


^--..  kT'   ,<^' 

Pig.  2.— Eittershaus's  Inertia  Diagram  for  the  Eecipeooatino 
Pabts  op  an  Engine. 

Rittershaus's  Graphic  Construction  of  the  Curve  of  Accelerations 
of  the  Reciprocating  Parts  of  an  Engine. — After  having  drawn 
the  centre-line  diagram  of  the  crank  and  connecting-rod  to  scale, 
as  in  Fig.  1,  then  draw  KMx  to  KD,  meeting  the  centre  line 
of  the  engine  in  M  (Fig.  2).  Join  C  M,  and  draw  K  N  parallel 
to  0  M,  meeting  the  centre  line  of  the  engine  in  N. 
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If  O  b  represents  the  radial  acceleration  wV  =  Y^jr  of  C, 
then  it  will  be  shown  that  M  N  -  M  0  represents  the  acceleration 
of  D  to  the  same  scale.  For  example,  if  r  inches  give  length  of 
crank  as  =  1  foot  in  length  on  the  scale  drawing,  then  r  also 
represents  the  acceleration  of  w^  feet  per  second  per  second  on 
the  scale  of  acceleration. 

Make  M  P  =  MN,  and  join  PC 

Then  O  P  C  is  a  diagram  of  acceleration,  just  as  O  C  K  is  a 
diagram  of  velocities,  and  the  acceleration  of  D  is — 

a  =  OP  =  MN-MO. 

KD       OD         X 

By  construction,  cos  <p  =  ^^  =  ^^  =  ^^. 


cos  (p        COS'=  p 

n    f  .    .,     ^.       ,        NM      KC       /i 

Or,  trom  similar  triangles,    -jr,  ^  =  (Tt\  —  ~f 


I  '  I  cos^  ip 

But,  OK  =  OD-        ^''     ^^  =  ^- 

.-.         MN-MO  =  ^-^-^=-(^'-^^)(seeEq.V.) 
I  COS''  p      as  \x        I  cos^  p/  ^         ^      ' 

If  M  P  =  M  N, 

then,  a  = -w2(MN-M0)  = -(a2.0P. 

So  that  0  P  represents  the  acceleration  of  D  on  the  same  scale 
on  which  O  C  represents  the  radial  acceleration  a^  r  of  C. 

JSToTE. — At  the  two  dead  centres,  this  construction  obviously 
fails. 

We  shall  now  briefly  describe  Klein  and  Massau's  method 
for  ascertaining  the  inertia  of  the  reciprocating  parts  of  an 
engine, 

Klein  and  Massau's  Method — Cmistruction. — With  centre  C  and 
radius  C  K,  describe  a  circle ;  and  describe  another  on  0  D  as 
diameter.  Draw  the  common  chord  of  these  two  circles,  cutting 
O  D  in  P. 

As  a  matter  of  pure  geometry,  this  point  P  is  the  same  as  P 
in  Rittershaus's  construction,  and  this  construction  does  not, 
like  the  latter,  fail  when  O  C  and  C  D  lie  in  one  straight  line. 

The  student  may  prove  this  statement  by  drawing  Figs.  2  and 
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3  having  the  respective  lengths  of  the  crank  O  C  and  connecting- 
rod  D  C  the  same  in  each  case. 


Fig.  3. — Klein  and  Mas- 
sAu's  Ineetia  Diagram 

FOR  THE  EeCIPBOOATING 

Parts  of  an  Engine. 


Action  of  the  Crank — Tangential  and  Radial  Forces. — In  most 
steam  engines  the  conversion  of  the  reciprocating  motion  of  the 
piston  into  circular  motion  is  effected  by  means  of  the  crank 
and  connecting-rod. 

The  turning  or  tangential  force  exerted  by  the  connecting-rod 
on  the  crank  varies  with  the  position  of  the  crank  itself.  Thus, 
when  the  centre  line  of  the  crank  coincides  with  a  line  drawn 
through  the  centre  of  the  cylinder  and  the  centre  of  the  crank 
shaft,  the  crank  is  said  to  be  at  the  "  dead  points,"  and  the 
connecting-rod  exerts  no  rotational  effort  on  it.  The  crank 
arrives  in  those  positions  twice  in  one  revolution,  just  when  on 
the  point  of  reversing  the  direction  of  motion  of  the  piston. 
These  positions  are  O  A  and  O  B  in  the  next  diagram.  Again, 
when  the  crank  is  at  an  angle  of  about  90°  to  the  centre  line 
through  the  cylinder  and  crank  shaft,  the  tangential  force  is  a 
maximum. 


Diain^am  of  Twisting  Moments— Neglecting  Length  of  Connecting- 

Kod. — The  simplest  case  is  that  in  which  the  pressure  on  the  piston  is 
uniform  throughout  the  stroke,  and  the  obliquity  of  the  connecting-rod 
is  neglected.  Then  the  pressure  or  thrust,  Q,  on  the  connecting-rod  is 
equal  to  the  total  pressure,  F,  on  the  piston  (see  next  figure). 

Suppose  the  crank  to  be  in  the  position,  O  Ci,  then  by  the  parallelogram 
af  forces  the  thrust,  Q,  on  the  connecting-rod  may  be  resolved  into^  two 
components,  one,  Cj  B,  acting  along  the  line  of  the  crank  and  representing 
a  radial  pressure,  R,  on  the  crank-shaft  bearing;  the  other,  CiT,  acting  at 
right  angles  to  O  Ci,  and  representing  the  tangential  pressure,  T,  acting  on 
the  craii  pin.  Of  course,  the  whole  thrust  on  crank-shaft  bearing  is  equal 
to  the  whoU  pressure  on  piston. 

Let  the  angle  AOCi  =  6,.-./.  QCiO  =  9,  •.  •  Cj  Q  is  ||  to  AO. 
Then  the  radial  pressure,   R,  or  Ci  R  =  Q .  cos  &. 
And  the  tangential  pressure,  T,  or  Cj  T  =  Q .  sin  9, 

6  ?4 
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These  components  may  be  plotted  ont  separately  for  every  poeition  of  the 
ffl-ank  by  curves  in  the  following  manner : — Let  O  Ci  represent  Q,  to  any 
^nvenient  scale,  and  lay  off  to  the  same  scale  0<i=T=CiX,  the  tangential 
eomponent  of  Q.  Then  ti  is  a  point  on  the  curve,  and  O  f i  measures  to 
Bcale  the  tangential  pressure  on  the  crank  pin  for  the  position,  OCi,  of 
the  crank.  To  find  other  points  on  this  curve,  take  any  other  position  of 
the  crank  and  plot  off  along  that  line  of  the  cranK  the  tangential  component 
of  Q  for  that  position.    If  we  find  a  number  of  points  and  join  them,  they 


Diad  Point 


Polar  CtratvES  ov  Tanoential  Fobob  (T)  on  Cbane-Fin,  asm  Radial 
Thrust  (R)  thkough  Crank,  with  Untform  Pbessube  on  Pistoh 

AND  NbOLECTINO  OBLIQUITY  OP  CONNECTING-EOD. 

will  be  found  to  lie  on  the  circumference  of  two  circles  described  with  O  to  90° 
and  0  to  270°  as  diameters.  Similarly,  if  we  lay  off  &  ri  on  the  position, 
OC],  of  the  crank,  equal  to  the  radial  component  of  Q,  for  that  position 
of  the  crank,  and  do  the  same  for  a  number  of  other  positions,  we  have,  by 
joining  the  points,  two  complete  circles  described  with  OA  and  OB  as 
diameters,  representing  the  radial  thrust  on  the  crank-shaft  bearing  for 
any  position  of  the  crank.  In  the  position  of  the  crank  taken  (0  =  45  )  the 
radial  and  tangential  components  are  equal,  and.  therefore,  r^  coincides 
with  <i.  These  circles  are  known  as  "  Polar  •'  curves.  For  any  othei 
position,  OC:,  of  the  crank,  the  tangential  or  turning  force  is  given  by  0<i, 
whilst  the  radial  thrust  on  the  crank  shaft  is  given  by  O  ri. 

The  TWISTING  or  turning  moment  or  tobqctb  on  the  crank  shaft  at  any 
position  is  eqrial  to  the  tangential  pressure  on  the  crank  pin  in  that  poaitiot 
multiplied  by  the  length  qfihe  crank. 


ORANK-TWISTIira   MOMBNXS. 


371 


Let  r  =  radiua  of  crank-pin  circle  or  the  length  of  the  crink. 
„    9  =  the  angle  made  by  the  crank  with  the  line  of  dead  points. 
Then  the  twisting  moment  =  Q  r  sin  8. 
Or,  „  ,,  =  P  »•  sin  9  (for  in  this  case  P  =  Q). 

Since  the  polar  curves,  O  to  90°  and  0  to  270°,  represent  the  tangential  forces 
(P  •  sin  fl),  their  values  must  be  multiplied  by  r,  the  length  of  the  crank, 
in  ord?r  to  find  the  Twisting  Moment  at  any  point ;  but,  seeing  that,  r, 
is  constant,  the  polar  curves  may  be  taken  to  represent  the  relative  values 
of  the  twisting  moments. 

The  twisting  moments  may  also  be  represented  by  the  following  diagram, 
in  which  the  horizontal  line  represents  the  path  of  the  crank,  and  the  height 
of  each  vertical  ordinate  gives  the  tangentiiil  force  or  the  twisting  moment 
for  that  point.  To  draw  the  diagram  for  one  stroke  of  the  piston,  or  one 
half  revolution  of  the  crank,  lay  off  a  horizontal  line  equal  to  the  semi- 
circumference  of  the  crank-pin  circle,  and  divide  it  into  10  equal  parts. 
Each  division  then  represents  a  movement  of  ISO  -i- 10  =  18°  of  the  crank. 


DiAGBAMS  OF  TwiSTINO  MOMENTS  FOB   ONE   HALF  ReVOHTHON  OF  CrANK. 

Both  Curves  are  Drawn  on  the  Assumption  of  Uniform  Pressure  on  I'iston. 

Then  calculate  by  the  above  formula,  or  plot  out  by  the  previous  diagram 
of  polar  curves,  tangential  pressures  for  each  of  the  10  positions  of  the  crank, 
and  lay  them  off  vertically  at  each  division.  Join  these  points,  and  we 
have  the  above  full  line  curve  which  represents  the  twisting  moments  for 
one  half  revolution,  neglecting  the  obliquity  of  the  connecting-rod,  and 
when  the  pressure  on  the  piston  is  uniform  throughout.  A  curve  for  the 
radial  thrust  through  crank  could  be  plotted  out  in  the  same  way . 

In  the  early  days  of  the  steam  engine,  it  was  imagined  that  the  use  of  the 
crank  and  connecting-rod  involved  a  considerable  loss  of  the  work  developed 
on  the  piston.     The  fallacy  of  this  idea  may  now  be  made  clear. 

The  pressure  on  the  crank-pin  in  the  direction  pf  rotation  is  =  P  sin  9 ' 
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Sin 


therefore,  in  order  to  obtain  the  mean  tangential  pressure  during  a  half 
revolution  of  the  crank,  we  have  only  to  find  the 
mean  value  of  sin  6,  and  multiply  it  by,  P,  the  total 
mean  pressure  on  the  piston. 

For  an  approximate  result  take  the  value  of  sin  9  at 
every  10  degrees  of  the  crank's  movement  and  divide 
the  total  by  18,  the  number  of  divisions  taken,  thus — 


Px 


11-428 
18 


=  P  X  '6349  =:  (mean  pressnie). 

Hence,  if  L  =  length  of  stroke  =  2  r. 

The  work   done  on  the  crank  in  one  revolution 

=  Total  mean  pressure  x  distance  passed  through, 

=  P  X  -6349  X  2  «■»•, 

=  P  x  -6349  X  3-1416  x  L  =  1-9946  PL. 

Which  is  practically  the  same  thing  as  2  P  L.  But, 
the  work  done  on  the  piston  during  one  revolution 
is  also  equal  to  2  PL.  Consequently  the  employ- 
ment of  the  crank  and  connecting-rod  involves  no  

loss  of  power  if  we  neglect  the  power  absorbed  by  Total        11-428 

friction  due  to  bearing  surfaces,  &c. 

NoTS. — No  sncli  combination  of  mechanism  as  the  crank  and  connecting-rod  can  involve 
a  loss  of  power  (neglecting  friction),  as  it  would  be  contrary  to  the  '-  principle  of  the  con- 
servation of  energy.*' 

Diagram  of  Twisting  Moments— Taking  Acconut  of  Length 
of  Connecting-Rod. — The  next  case  is  that  in  which  the  obliquity  of 
the  connecting-rod  is  taken  into  account,  J 

and  the  pressure  on  the  piston  is  supposed 
uniform.  In  this  case,  the  twisting  moment 
is  equal  to  the  total  pressure  on  the  piston,  - 
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multiplied  by  the  distance  from  tti£  centre 
of  tJte  crank  shaft  to  the  point  where  the 
centre  line  of  the  connecting-rod  produced, 
cuts  the  line  drawn  through  the  centre  of 
the  crank  shaft  at  right  angles  to  the 
piston's  motion, 

DiAOBAM  OF  Twisting  Moments — Taeino  Aocovnt  of  Length 

OF  CONNECTINO-ROD. 
Note  to  FionBi.— The  presenre  along  connecting-rod  and  on  the  crosshead  gnldes  may 
be  found  graphically  for  any  position,  thus — 

Let  PO  =  P,  the  pressure  on  piston  to  any  convenient  scale. 
Then  P  V  =  Q,  the  direction  and  pressure  along  connecting-rod  to  the  same  scale. 
And  OVx=  G,  the  direction  and  pressure  on  the  lower  crosshead  guide  to  same  soil* 


ButPVcosf  =  P0 
Or       Q  cos  f  r=  F 

'••<J  = 


P 

COSf 


TTF"  P~       • 
.•.  9=Ptaof 
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To  prove  this,  let  O  be  the  centre  of  the  crank  shaft,  and  0  P  the  centre 
Ime  of  the  engme,  passing  through,  O,  and  the  centre  of  the  cylinder.  Let 
OC  be  the  position  of  the  crank,  and  P  C  the  length  of  the  connecting-rod. 
Produce  PC  to  out  the  vertical  through  O  in  the  point  V,  and  draw  OB 
perpendicular  to  P  V.    Then  ^VEO  =  ^POV;also^PVOis  common: 

•'•  Z,VOE  =^^OPV  =  0,  the  inclination  of  the  connecting -rod  to 
centre  line  of  engine. 

Now  the  twisting  moment  =  Q  x  OE  =  — =—  x  O  Voos*  =  P  x  0  V. 

cos  0 

Knowing  this,_  we  can  readily  construct  the  polar  curves.  Suppose  the 
crank  in  the  position,  0  C,  produce  the  centre  line  of  the  connecting-rod  to 
out  the  line  O  V  in  V.  With  centre,  0,  and  radius,  O  V,  describe  the  arc, 
V«,  cutting  OC  in  <.  Then,  t,  is  a  point  on  the  tangential  pressures  or  twisting 
moment's  curve,  and  the  twisting  moment  for  the  position,  O  C,  of  the  crank 
is  thus  P  X  O «.  A  similar  construction  for  all  the  other  positions  of  the 
crank  gives  all  the  other  points,  and  the  complete  curve  may  then  loe 
described  by  joining  them.  We  see  that  the  curve  is  not  a  circle  as  in  the 
last  case,  but  differs  therefrom  in  a  marked  degree.  Now  plot  off  the 
twisting  moment  at  each  of  the  10  different  points  by  this  method  on 
the_  rectangular  diagram  (page  371)  as  before,  and  we  get  the  dotted  line 
which  shows  the  new  diagram  of  "twisting  moments.  It  will  be  noticed 
that  this  curve  rises  more  abruptly  daring  the  first  quarter  of  a  revolution, 
and  falls  flatter  daring  the  >  second  quarter  than  when  the  obliquity  of 
the  connecting-rod  is  neglected,  thus  indicating  a  greater  pressure  on  the 
crank  pin  durmg  the  first  half  of  the  stroke;  also,  the  maximum  pressure  is 
reached  before  half  stroke. 

We  can  calculate  the  several  twisting  moments  in  this  case  without  the 
aid  of  a  scale  diagram,  thus — 

p 

The  pressure  Q  =  -,  also  the  angle  OC  V  =  #  +  0, 

Since  00F  +  00V  =  2  right  angles,  and  00  F  +  <  +  f  =  3  right  anglei. 

.*.  tangential  pressure  on  crank  1       A   P    \  .    ,.  .  _,.      _8in(9-J-0) 
pi^  =  T  ^ <i -sin  {e  +  i>)    I  =  ie-^) «"»(»  +  f)  =  g      0,80     ' 

.*.  the  twisting  moment  =  Pr — -^, 

OOS0 
Where  r  sin  (  =  2  «in  f ;  r  being  cranic  radins,  and  I  the  length  of  oonneeitAg-red, 

It  is,  however,  more  tedious  to  work  out  the  results  by  this  formula  than 
by  the  previous  graphic  method. 

The  effect  of  shortening  the  connecting-rod  is  to  increase  the  effort  upon 
the  crank  pin  at  the  beginning  of  the  stroke,  and  to  decrease  it  towards 
the  end,  thus  causing  greater  irregularity  in  the  tangential  pressure  on  the 
crank,  and  greater  stress  on  the  crosshead  guides.  The  pressure  on  the 
latter  is  =  G  =  P'tan  0,  as  seen  from  the  last  figure  and  the  footnote 
below  it. 

The  actual  state  of  things  which  takes  place  in  practice  is,  however,  not 
io  easily  represented,  for  the  pressure  on  the  piston  is  never  oniform,  but 
falls  away  from  the  point  of  cut-off.  In  order,  therefore,  to  construct  a 
truer  diagram  of  the  twisting  moments,  we  must  find  the  positions  of  the 
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piston  corresponding  to  the  various  positions  of  the  crank  by  diagram 
(Lect.  XIV.  in  my  Advanced  Steam  Book),  and  mark  these  off  on  the  indica- 
tor diagram.  The  steam  pressure  for  the  several  positions  of  the  crank  can 
then  be  read  off,  and  their  values  inserted  for  P  in  the  equation  P  x  0  V  or  in 
P  r  sin  (e  +  0)  -=-  cos  0.  The  curve  of  twisting  moments  on  the  crank  due  merely 
to  steam  pressure  on  the  piston  may  then  be  constructed,  as  shown  by  the 
following  diagram : — 
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CoRVB  OF  Twisting  Moments,  taking  Account  of  the  Variation  of 
THE  Steam  Fbessube  in  the  Ctunsbb,  and  with  a  Connectino- 
BoD  OF  known  Length. 

On  comparing  this  curve  with  the  two  previous^  curves,  it  will  be  seen 
that  between  the  points,  C  and  B,  it  £ei1Is  much  lower ;  this  is  due  to  the 
fall  of  steam  pressure  during  eTpansion.  The  rectangle,  AM  KB,  is  of  the 
same  area  as  the  figure,  ACB,  and,  therefore,  AM  represents  the  mean 
twisting  moment  due  to  steam  pressure  on  the  piston. 

When  the  engine  has  two  cylinders  having  their  pistons  working  on 
separate  cranks,  the  curve  of  total  twisting  moments  on  the  crank  shaft 
can  only  be  obtained  by  combining  the  curves  of  twisting  moments  for 
each  crank.  This  is  shown  in  the  fbllowing  figure,  which  represents 
the  combined  twisting  moments  on  the  crank  shaft  of  an  engine  with  two 
wanks  at  right  angles  to  each  other : — 
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A  0  B  is  the  curve  of  twisting  moments  on  one  crank,  and 
Aj  Oj  Bj  the  curve  of  twisting  momenta  on  the  other  crank 
during  one-half  revolution,  the  remaining  curves  being  for  the 
other  half  revolution.  To  find  the  total  twisting  moment  at  any 
point,  a,  draw  the  vertical  line  a d,  and  make  ad  =  ac  +  ah 
(i.e.,  the  sum  of  the  twisting  moments  on  .each  crank).  By 
finding  a  number  of  points  in  this  way,  the  whole  curve  of  total 
twisting  moments  may  be  plotted  out. 

Effect  of  Inertia  of  Moving  Parts.— In  finding  the  twisting 
moments  by  these  methods,  we  have  neglected  a  most  important 
effect — viz.,  the  variation  of  effort  on  the  crank  shaft  due  to  the 
inertia  of  the  moving  parts.  Since  the  piston  is  brought  to  rest 
at  the  end  of  each  stroke,  the  inertia  of  the  piston,  piston-rod, 
crosshead,  and  connecting-rod,  has  to  be  overcome  at  the  beginning 
of  each  stroke,  in  order  to  start  the  motion,  and  a  portion  of  the 
energy  of  the  steam  is  absorbed  in  doing  this ;  therefore,  the 
actual  effort  on  the  crank  in  the  first  half  of  the  stroke  is  less 
than  that  given  by  the  curves.  The  energy  which  is  imparted 
to  the  moving  parts  is,  however,  given  out  on  the  crank  during 
the  latter  part  of  the  stroke,  when  these  moving  parts  are  being 
brought  to  rest ;  therefore,  the  effort  on  the  crank  during  the 
second  half  of  the  stroke  is  greater  than  that  shown  by  the  curves. 
On  the  principle  of  the  conservation  of  energy  this  alternate 
acceleration  and  retardation  can  neither  add  to,  nor  subtract 
from,  the  total  power  developed  during  the  stroke.  In  ordinary 
cases,  therefore,  the  inertia  of  the  moving  parts  acts  as  a  fly-wheel 
would  do,  and  tends  to  equalise  the  effort  on  the  crank.  The 
effect,  however,  at  different  parts  of  the  stroke  is  very  interesting 
and  instructive,  especially  when  high-initial  pressure  and  a  large 
range  of  expansion  are  adopted,  combined  with  heavy  and  quickly- 
moving  parts.  Allowance  may  be  made  for  this  inertia,  if  the 
weight  of  the  moving  parts  and  their  velocity  are  known.  We 
can  make  an  alteration  on  the  indicator  diagram,  reducing  the 
effective  pressure  at  the  beginning  of  the  stroke  and  increasing 
it  at  the  end.  The  steam  and  the  inertia  stresses  can,  however, 
be  combined,  only  so  far  as  some  of  the  effects  are  concerned. 
They  are  combined,  of  course,  in  their  pressure  on  the  crank  pin, 
&c.,  but  since  the  dynamical  stresses  are  not  taken  up  altogether 
by  the  engine  framing,  proviaon  must  be  made  for  transmitting 
them  to  the  engine  foundation.  These  dynamical  stresses,  intro- 
duced by  arresting  the  momentum  of  the  moving  parts,  produce 
a  much  more  serious  effect  in  fast-running  engines  than  is 
usually  supposed. 
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Effect  of  Inertia  on  Moving  Parts  of  a  Horizontal  Engine  with  Coruteeting- 
Rod  of  Infinite  Length. 

The  student  should  now  try  to  follow  the  following  investigations  and 
practical  examples. 

All  reference  to  trigonometry,  co-ordinate  geometry,  and  the  differential 
calculus  has  been  dispensed  with ;  and  any  student  with  a  knowledge  of 
elementary  geometry  and  mechanics  will,  by  carefully  following  the  argu- 
ment, grasp  this  subject  sufficiently  for  all  practical  purposes. 

It  may  be  well  to  state  that  we  shall  not  take  into  account  all  the 
effects  resulting  &om  the  conversion  of  reciprocating  into  circular  motion 
by  means  of  a  crank  and  connecting-rod,  but  only  those  effects  which 
directly  influence  the  propelling  force  on  the  piston  of  the  engine,*  and 
unless  otherwise  stated,  we  shall  suppose  the  engine  to  be  horizontal. 
The  first  case  is  that  in  which  the  motion  of  the  piston  is  the  same  as 
if  the  engine  worked  with  a  connecting-rod 
of  infinite  length,  such  as,  for  example,  in 
the  common  donkey  engine  arrangement 
where  the  crank-pin  works  in  a  slotted  cross- 
head  at  right  angles  to  the  direction  of  the 
piston's  motion. 

In  the  figure,  let  O,  be  the  centre  of  the 
crank  shaft,  OC,  the  crank,  and,  AB,  the 
centre  line  of  a  horizontal  engine  of  stroke, 
AB. 

From  any  position  of  the  crank-pin,  C, 
draw  the  ordinate,  CD,  at  right  angles  to 
AB. 

Then  when  the  crank-pin  ia  at,   C,  the 
piston  has  evidently  moved  a  distance,  A  D, 
and  the  speed  of  the  piston  is  always  that  of  the  point,  D. 

When  a  point,  such  as  D,  moves  on  a  diameter  so  as  to  always  be  at 
the  foot  of  the  ordinate  drawn  through  a  uniformly  revolving  point  as,  C, 
D,  is  said  to  move  harmonically  with,  C. 

We  have  to  find  what  force  must  act  on  the  piston  at  each  moment  to 
make  it  move  thus  harmonically. 

Now  a  heavy  point,  C,  moving  uniformly  in  a  circle,  may  be  supposed 
to  have  its  motion  compounded  of  a  harmonic  motion  in  the  direction, 
A  B,  and  a  harmonic  motion  in  the  direction,  E  F,  at  right  angles  to,  A  B. 
Each  of  the  forces  producing  these  motions  taking  effect  in  its  own  direction, 
irrespective  of  forces  and  motions  at  right  angles  to  it. 

That  is,  if,  D,  be  a  point  of  equal  weight  with,  C,  the  force  moving,  C, 
horizontally  at  any  moment  is  the  same  as  that  moving,  D,  because  the 
horizontal  velocity  of,  C,  is  always  equal  to  that  of,  D.  The  force  acting 
vertically  on,  C,  at  any  moment  makes  no  difference  horizontally. 

But  the  resultant  of  the  vertical  and  horizontal  forces  on,  C,  is  the  force 
which  compels  it  to  move  in  a  circle,  that  is,  it  is  equal  and  opposite  to 
what  is  commonly  termed  the  centrifugal  force  of,  C. 

*  See  Paper  by  the  late  Prof.  Fleeming  Jenkin,  published  in  the  Transtuiions  of  the  Royal 
Socitly  of  Edinburgh,  vol.  xzTiU.  (1879),  p.  703,  la  whioh  will  be  found  a  rigorouB  analysis  of 
the  forces  in  a  reoiprocating  steam  engine  of  praottoal  proportions,  accompanied  by  aarree 
tt  orank-ptn  •Bore 
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Therefore  the  force  on  the  piston  making  it  move  harmonically  on,  A  B, 
is  the  horizontal  component  of  the  centrifugal  force  the  piston  wovld  exert 
if  its  weight  were  concentrated  at  the  centre  of  the  crank-pin  and  revolved 
with  it. 

If,  CO,  represents  this  centrifugal  force,  then,  DO,  represents  the 
accelerating  force  when  the  piston  is  at,  D, 

At  the  beginning  of  the  stroke,  D  0  =  A  O.  .  ■.  Erect  the  perpendicular, 
AM  =  AO,  to  represent  the  accelerating  force  when  the  piston  is  at,  A. 

At  half  stroke,  D  O  =  zero. 

At  any  intermediate  point,  the  ordinate,  D  P,  intersected  by  the  straight 
line,  M  O,  equals,  DO,  the  accelerating  force  for  the  position,  D. 

From  half-stroke  to  the  end,  the  acceleration  is  negative,  and  the 
ordinates  must  be  measured  below  the  line  of  abscissae.  The  triangle 
0  B  N,  equal  to,  O  A  M,  represents  the  retarding  forces. 

The  algebraic  sum  of  the  two  triangles,  on  the  principle  of  the  con- 
servation of  energy  is  zero,  because  the  mass  starts  from  rest  and  comes 
to  rest  again.  So  the  inertia  merely  affects  the  distribution  of  power 
during  the  stroke,  not  its  amount. 

We  see  that  the  accelerating  force  is  greatest  at  the  ends  of  the  stroke 
where  the  motion  is  slowest,  and  is  nil  at  half  stroke  where  the  motion 
of  the  piston  is  fastest.  It  is  not  the  velocity,  but  the  rate  of  change  of 
velocity  which  demands  the  accelerating  force. 

We  have  to  find  the  numerical  value  of  the  centrifugal  force. 

This  is  given  in  all  elementary  treatises  on  meohanioa  as — 

Wj)2_»ib2 
gr   ~    r  ' 

Where,  v,  is  velocity  in  feet  per  second,  r,  is  radius  of  circle  in  feet, 
and,  m,  mass  in  units  of  mass. 

Engineers  do  not  use  this  notation,  for  they  speak  of  so  many  revolutions 
per  minute  in  a  circle  of  so  many  feet  radius,  and  they  measure  mass  by 
weight. 

W      W 
So  m  =  —  —  vi'>^  being  in  lbs.,  and  g  the  acceleration  of  gravity. 
g        oZ 

Let  N  =  number  of  revolutions  per  minute. 
Then,  _=_.^___j 

„     = -000341  W»-N». 

This  is  a  well-known  formula  for  the  centrifugal  force  of  a  body. 

We  are  now  in  a  position  to  correct  the  indicator  diagram  for  any  engine, 
and  to  say  how  much  less  the  pressure  on  the  crank-pin  is,  than  that  on 
the  piston  at  the  beginning,  and  how  much  greater  at  the  end  of  the 
stroke. 

Example  I. — The  stroke  of  an  engine  with  a  slotted  crosshead  is  4  feet, 
the  diameter  of  the  cylinder  is  20  inches.  The  effective  pressure  is  40  lbs. 
at  the  beginning  and  20  lbs.  at  the  end  of  the  stroke,  the  weight  of  the 
reciprocating  mass  is  1,256  lbs.  What  are  the  pressures  on  the  crank-pir 
at  the  beinning  and  end  of  the  stroke,  at  SO  revolutions  per  minute  t 

Area  of  a  cvUnder  20  inches  diameter  =  314  square  inches. 
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Aaoelerating  fores  at  ends  of  stroke  from  the  previous  formula. 

•000341  WrN''  =  -000341  x  1,256  x  2  x  2,500  =  2,141  lbs. 
Pressure  on  piston  at  beginning  of  stroke  =  314  x  40  =  12,660  lbs. 
Pressure  on  crank-pin  at  beginning  of  stroke  12,560—2,141=10,419  lbs. 
Pressure  on  piston  at  end  of  stroke  =  314  x  20  =  6,280  lbs. 
Pressure  on  crank-pin  at  end  of  stroke  =  6,280  -I-  2,141  =  8,421  lbs. 

Tke  pressure  on  the  crank-pin  is  thus  much  more  equable  than  would 
be  the  case  if  the  parts  were  not  possessed  of  inertia. 

Suppose  it  is  required  to  make  the  pressure  at  the  beginning  exactly 
equal  to  that  at  the  end  of  the  stroke,  the  weight  of  the  parts  being 
unaltered,  but  the  speed  changed.  What  number  of  revolutions  will 
make  the  accelerating  force  at  beginning  and  end  of  stroke,  equal  to  half 
the  difference  of  the  greatest  and  least  pressures  on  the  piston  ! 


Greatest  pressure. 
Least, . 


=     12,560  lbs. 
=       6,280  lbs. 


Half  difference,  .        .         =       3,140  lbs. 
Let,  X,  be  the  number  of  revolutions  required. 
Then,  -000341  x  1,256  x  2  x  a:»  =  3,140,  whence  a:  =  60  revs,  nearly. 

Suppose  we  are  restricted  to  50  revolutions,  but  may  vary  the  weight 
of  the  reciprocating  parts  to  obtain  the  same  result. 

Let,  W,  be  the  weight  required. 

Then,  -000341  x  W  x  2  x  2,500  =  3,140,  .-.  W  =  1,840  lbs. 

Indicator  Diagrams  as  Modified  by  Inertia.—  To  find  the  pressure 
as  modified  by  the  inertia  for  any  point  of  the  stroke,  take,  A  B  C  D  K 
as  the  indicator  diagram  of  an  engine. 

*!  .a 


C    Xariiii 


l^HBomtTTOAL  Indioatob  Diaorah  Convbrtbd  into  a  Stress  Diaqram 

ON   C£.ANE-FIN  WITH  CONNEOTINO-ROD  01  InFINITB   LbNOTH. 


SFPECt  Of  INERTIA   04f  MOVING   PARTS. 
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Then  to  the  same  scale  to  which,  A  E,  represents  initial  steam  pressure 
X  area  of  piston,  draw,  E  M  and  D  N,  to  represent  accelerating  force  at 
ends  of  stroke.    Join  M  and  N  by  the  straight  line  M  0  N. 

Then,  M  E  0  D  N,  is  the  inertia  diagram,  and,  M  O  N,  thus  becomes  the 
virtual  base  of  the  figure,  from  which  pressures  are  to  be  measured  instead 
of  ED.  With  these  heights  measured  &om  a  horizontal  base  line  the 
indicator  diagram  takes  the  following  form  : — 

C 


«« S 

Previous  Indicator  Diagram  Corrected  for  Inertia. 

Suppose  by  increasing  the  speed  of  the  engine  or  the  weight  of  the 
reciprocating  parts,  the  ordinate,  E  M,  becomes  equal  to,  A  E,  that  is, 
the  accelerating  force  is  equal  to  the  whole  pressure  of  the  steam  on  the 
piston  :  then  there  is  no  pressure  on  the  crank-pin  when  the  engine  is  on 
the  centre,  and  as  the  piston  advances  the  pressure  will  gradually  increase, 
and  become  excessive  towards  the  end,  even  with  such  a  comparatively 
early  cut-off  as  shown  on  the  diagram  in  question.  The  corrected  card  ik 
as  follow* : — 


PREvioirs  Indicator  Diagram  Corrected  for  Increased  Inertia. 

With  very  high  speeds  or  heavy  parts  the  ordinate,  E  M,  may  be 
greater  than,  E  A.  The  piston  will  then  at  the  beginning  of  the  stroke 
lag  behind  the  crank,  and  be  dragged  until  the  acceleration  ordinate  and 
steam  ordinate  become  equal.  Indeed,  with  an  early  cut-off  the  piston 
may  drag  again  at  a  later  period  of  the  stroke,  as  shown  in  the  next 
figure. 
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Here  the  inertia  line,  M  0  N,  cuts  the  steam  line  at  E,  L,  and  B. 
From,  M  Co  E,  the  pressure  is  negative,  and  power  represented  by  area. 


Dtaorah  showiho  Fooe  Shocks  in  One  Stbokb  op  Pistow. 

M  A  K,  must  be  spent  on  the  piston.  From,  K  to  L,  the  piston  urges  the 
engine,  doing  work  on  the  crank  equal  to,  E  B  L.  From,  L  to  B,  the  piston 
a^in  drags  and  absorbs  work  equal  to  the  loop,  L  R :  and  thereafter  the 
puton  drives  the  engine.     The  corrected  diagram  is  as  follows : — 

O 


CORBBCISD  DiAOKAM   70B  FODB  ShOOES  IN   OnB  StROKB. 


It  is  needless  to  say  that  such  a  condition  is  not  desirable  in  practice. 
We  now  pass  on  to  the  more  uaual  case  of  engines  wor&ing  with 
aannecting-rod  of  finite  lihgth. 


ErrECT   OF  INERTIA  ON   HOVINO   PABT8. 
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Conneeting'-rod  of  Finite  Length.-Let,  PC,  be  the  connecting- 
rod  and,  C  O,  the  crank.  " 

Then  at  the  commencement  of  the  out-stroke  from.  A  to  B,  the  motion 
ot  the  piston  is  more  rapid  than  in  the  pure  harmonic  motion,  the  travel 
being  for  a  certain  position  of  crank-pin,  ADj,  instead  of,  ADi.     At  the 


Motions  of  Piston  with  a  Connectino-rod  of  Finiib  Length. 


beginning  of  the  return  stroke  from,  B  to  A,  the  speed  is  less  than  for 
harmonic  motion,  the  travel  corresponding  to  the  position  of  crank-pin 
shown  being,  BTj,  instead  of,  BTi. 

It  is  plain  that  the  mere  raising  or  lowering  the'  big  end  of  the 
connecting-rod  in  a  vertical  line,  will  make,  P,  approach,  O,  with  a  certain 
acceleration.  And  the  force  necessary  for  this,  must  be  added  to  that 
required  for  true  harmonic  motion  when  the  engine  is  on  the  '  near '  centre, 
A,  and  subtracted  for  the  <  far '  centre,  B. 

Now,  what  is  this  accelerating  force  7 


AOCELEHATIVa  FOKCE  AT  INNER  DeAD  CeNTRB  DUE  TO  A 
CONNEdlNO-ROD  OF  FlNITE  LeNOTH. 

In  the  above  fig.,  PA,  is  the  connecting-rod  as  before.  We  suppose 
the  end,  A,  to  ascend  the  vertical  line,  A  Aj;  then,  P,  will  be  drawn  to, 
P),  and,  F]  A),  is  a  position  of  the  «cnnecting-ro4' 
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With  centre,  A,  describe  the  arc,  PG.  Now  we  are  only  concerned 
with  the  velocity  of,  A,  at  the  moment  it  leaves  the  line,  P  0:  what  its 
Telocity  is  afterwards  cannot  affect  the  acceleration  of,  F,  at  that  moment. 

Suppose,  therefore,  the  point.  A,  to  ascend,  A  A\,  harmonically  with  the 
paint,  G,  revolving  uniformly  in  the  circle,  P  G,  with  the  velocity  of  the 
crank-pin.  Then,  obviously,  P],  moves  also  harmonically  with,  G,  on 
line,  PO. 

Therefore,  when  the  big  end  of  the  connecting-rod  leaves  the  centre  line, 
FO,  with  the  said  velocity,  the  accelerating  force  on,  P,  is  the  centri- 
fugal force  it  would  have  when  moving  in  a  circle  with  radius  equal  to 
the  connecting-rod,  with  the  velocity  of  the  crank-pin. 

But  with  a  given  linear  velocity,  the  centrifugal  force  is  inversely  as 
the  radius :  therefore,  if  the  connecting-rod  is,  n,  times  the  length  of  the 

crank,  the  accelerating  force  due  to  the  connecting-rod  will  be,  -th,  that 

due  to  the  crank,  and  the  net  accelerating  force  when  the  engine  is  on  the 

near  centre  will  be,  l-H-,  and  when  on  the  far  centre,  1 — ,  times  that  of 
n  n 

an  engine  with  pure  harmonic  motion. 

ExAMPLB  II. — The  reciprocating  parts  of  an  engine  weigh  one  ton.  The 
stroke  is  3  feet  6  inches,  and  the  revolutions  8U  per  minute.     The  con- 


1 

Instantaneous  Axis. 

\            ^ 

^^^ 

"K 

p--- 

\ 

A 

o' 

Position  op  Instantanbous  Axis  op  Connectino-rod,  4o. 

neoting-rod  is  7  feet  long.     What  U  the  woelerating  force  on  the  no*? 
and  far  centres! 


EFFECT  OP  INERTIA  ON  MOVING  PARTS. 
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Here  n  =  4.  Therefore  the  accelerating  force  on  near  centre  will  be— 
■000341  Wr  IP. 

=  -000341  X  2,240  x  1-75  x  6,400  x  ?  =  10,700  lbs. 

And  on  far  centre  10,700  x  ^  =6,420  lbs. 
o 

It  is  evident  that  the  accelerating  forces,  when  the  engine  is  on  the 
"dead  points,"  are  by  far  the  most  important;  first,  because  they  are 
there  greatest,  and  secondly,  because  the  motion  of  the  piston  changes 
its  direction  there. 

We  may,  however,  investigate  one  other  point  in  the  inertia  diagram, 
viz. : — that  at  which  the  acceleration  is  nil,  or  the  point  where  the  line 
corresponding  to,  HOX,  in  the  hgures  for  an  infinite  connecting-rod, 
outs  the  base  line.     (See  fig.  on  previous  page). 

Obviously  the  acceleration  is  nil  when  the  speed  of  the  piston  is  greatest. 

Let,  Pi  0,  be  any  position  of  the  connecting-rod.  Produce,  Pj  C,  to  cut 
O  E,  in,  G.  Draw,  P,  H,  at  right  angles  to,  P  O,  and  produce,  0  C,  to 
out.  Pi  H,  in,  H.     (See  fig.  on  previous  page). 

The  connecting-rod  at  any  moment  is  moving  about  an  instamtaneotu 
axis:  and  every  point  in  it  is,  of  course,  moving  at  right  angles  to  the 
line  joining  it  to  this  axis.  The  axis  is,  therefore,  somewhere  in  the  line, 
PiH,  and  also  somewhere  in  the  line,  OCH,  tor,  C,  is  moving  at  right 
angles  to,  0  C. 

Therefore,  H,  m  the  instantaneous  aids,  and  the  velocities  of.  Pi  and  C, 
are  in  the  ratio,  HP]  to  HC.  That  is,  by  similar  triangles,  the  ratio, 
OO  to  DC.     06,  therefore  represents  the  velocity  of  the  piston. 

By  drawing  the  length  of  the  connecting-rod  on  a  piece  of  tracing  paper 
and  applying  It  to  the  diagram,  keeping,  Pj,  in  the  line,  P  O,  and,  C,  in 
the  circumference,  a  position  of,  Pj,  can  be  found  for  which,  0  O,  is  a 
maximum.  To  find  this  position  of,  P,  by  calculation  requires  the  use 
of  the  higher  mathematics,  which  is  purposely  avoided  here. 

Take  the  indicator  diagram  of  an  engine  as,  A  B  C  D  E. 


theohetioat  indicator  dia- 
gram convbrted  into  a 
Stress  Diaorau  on  Crake- 
pin  WITH  A  CONNEOTINO-EOD 

OF  FiNiTB  Length. 


Suppose  the  connecting-rod  is  4  cranks  long,  a  very  common  proportion. 

Find,  by  trial,  with  a  piece  of  tracing  paper,  a»  above,  the  position,  O, 

qf  the  piston  when  its  velpcity  ia  greatest,     With   this  poporUou  iDjf 
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connecting-rod,  0,  will  be  found  at  a,  distance,  O  Oj,  from  mid-stroke  a 
little  more  than  -^  of  the  half  stroke,  Oi  E.  Mark  off  to  the  proper  scale, 
E  M  =  li  times  the  centrifugal  force  of  a  weight  equal  to  that  of  recipro- 
cating parts  revolving  with  the  crank-pin,  and,  D  N  =  J  of  that  force. 

(If  tie  connecting-rod  were  5  cranks  long  these  amounts  would  be 
respectively  l-J  and  ^  of  the  force). 

Draw  a  fair  curve  through,  M  0  N,  bearing  in  mind  that  the  triangles, 
MOE,  ODN,  must  be  equal  in  area,  representmg  as  they  do  the  same, 
vis  viva.  Though  not  mathematically  exact,  this  line,  M  0  N,  will  very 
approximately  represent  the  inertia  diagram:  and  the  pressures  on  the 
crank-pin  are  measured  by  vertical  lengths,  intercepted  between,  ABC 
and  M  0  N.  Placed  on  a,  horizontal  base,  the  amended  diagram  becomes 
the  following  figure. 

B 


fir 


CORBBOTED  FlQVBG  FOR  THE  PREVIOUS  DIAGRAM. 


It  will  be  seen  that  a  considerable  error  in  the  line,  HON,  wilt  not 
greatly  a£fect  the  shape  of  the  figure,  provided  the  points,  M  and  N,  are 
accurately  determined  by  the  method  given  above.  The  point,  0,  has 
been  referred  to,  not  because  it  is  important,  but  in  order  to  show  the 
student  that  it  is  unimportant. 

We  have  hitherto  supposed  all  the  reciprocating  weights  as  having  the 
same  motion  as  the  piston,  and  as  being  concentrated  at,  P  or  P],  the 
centre  of  the  crosshead.  This  supposition  introduces  no  error  into  the 
estimation  of  accelerating  forces  caused  by  the  motion  of  the  crank 
alone :  but  in  the  case  of  the  connecting-rod  it  will  be  seen  that  the 
motion  of  its  centre  of  j/ravUy  caused  by  moving  the  "big  end"  off  the 
centre  line  (see  lower  fig.  on  p.  381),  ia  not  the  motion  m,  Fi,  towards, 
A,  but  one-half  that  amount,  supposing  the  centre  of  gravity  to  be  at  the 
middle  of  the  rod.  Therefore,  strictly,  if,  W,  be  the  weight  of  all  purely 
reciprocating  parts,  such  as  piston,  piston-rod,  and  crosshead,  and,  w, 
the  weight  of  the  connecting-rod,  the  accelerating  force  on  the  centre 
instead  of  being 

•000341  (W  -Hff)  rN"(l  ±  i) 

Is.  -000341  W  r  N»  (l  ±  iW  000341  w »•  N»  (l  ±  ^V 

If  instead  of  being  horizontal  the  engine  be  vertical,  the  effect  of 
inertia  is  just  the  same,  but  the  pressure  on  the  crank-pin  will  be  further 
affected  by  the  weight  of  the  reciprocating  parts,  which  must  be  added 
at  every  point  of  the  down  stroke,  and  subtracted  for  the  up  stroke. 

In  the  case  of  a  diagonal  engine,  the  vertical  component  of  the  weight 
must  b$  so  4dded  or  subtraoteC 


CRANK   EFFORT   DIAGRAMS. 
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Crank  Effort  Diagrams.— We  shall  now  explain,  by  aid  of  the 
following  figure,  how  to  constmct  a  cranlc  effort  diagram,  when  the 
obliquity  of  the  connecting-rod  and  the  varying  presBures  on  the  piston  ara 
taken  into  account.* 


^mt  Effort 
Scale  m-m. 
Crank  Effort  Curves  of  "The  Thomas  Russell  Enoinb." 


*  The  front  and  back  Indicator  dlagruns  (from  which  the  above  craok  effort  cnrre  hu 
been  drawn)  were  taken  from  "  The  Thomas  Kussell  Bh:periniental  Steam  Engine  "  in  the 
anther's  laboratory.  The  diameter  ol  the  cylinder  =  6  ins. ;  length  ol  stroke  =  12  ins. ; 
length^f  connecting-rod  =  36  ins. ;  revolntlons  per  minute  =  UO. 

6  25 
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(1)  Transfer  the  indicator  diagrams  from  the  cards  to  a,  sheet  of  paper, 
taking  care  to  make  them  at  least  4  inches  in  length  for  clearness. 

(2)  Some  distance  below  the  redrawn  diagrams  put  down  a  line,  AB, 
parallel  to  the  atmospheric  line  and  equal  in  length  to  the  diagrams. 

(3)  Upon  A  B,  as  a  diameter,  draw  the  crank-pin  circle  and  divide  the 
same  into  any  convenient  number  of  equal  parts. 

(4)  Project  each  of  these  points  of  division  vertically  upwards,  so  as  to 
cut  the  indicator  diagrams. 

(5)  For  the  first  point  to  be  considered  on  the  crank-pin  circle,  take  that 
which  is  vertically  over  the  centre  of  the  crank.  Measure  the  pressure  on 
the  piston  (from  the  indicator  diagram)  corresponding  to  this  point  and 
plot  it  along  the  centre  line  of  the  connecting-rod  as  produced  through  this 
point. 

(6)  B:esolve  this  pressure  (as  plotted  along  the  centre  line  of  the  con- 
necting-rod) into  two  forces  at  right  angles  to  each  other — ^viz.,  one  along 
the  crank  centre  line  and  the  other  at  right  angles  to  it — i.e.,  tangentially 
to  the  crank-pin  circle, 

(7)  Do  precisely  the  same  for  each  of  the  other  positions  into  which  the 
crank-pin  circle  is  divided. 

(8)  Produce  the  several  centre  lines  of  the  crank  for  each  of  these 
positions  and  plot  off  on  each  centre  line,  from  the  crank-pin  circle,  the 
corresponding  tangential  pressure  to  the  same  scale  as  the  indicated 
diagrams.     By  joining  these  points  the  crank  effort  diagram  is  obtained. 

(9)  To  Find  the  Mean  Tangential  Preimre  Line — 

Let  Pm  =  Mean  pressure  on  piston  (from  indicator  diagrams). 
„       r  =  Radius  of  crank. 
„     Pt  =  Mean  tangential  pressure  on  crank-pin. 

Then  Pm  x  2r  =  P,  x  rr 

_  Fm  X  2r  _  2 P„  _  P« 

(10)  In  drawing  the  "  crank  effort  curves ''  for  compound,  triple,  or 
quadruple  expansion  engines,  the  several  indicator  diagrams  have  to  he 
reduced  to  one  scale.*  Then  the  several  steam  pressures  (for  the  several 
positions  assumed  on  the  crank-pin  circle),  in  the  case  of  the  intermediate  and 
low-pressure  cylinders,  must  be  multiplied  by  the  ratios  of  the  areas  of  those 
cylinders  with  respect  to  the  area  of  the  high-pressure  cylinder  before  re- 
solving their  respective  piston  pressures  along  the  centre  lines  of  the  several 
positions  occupied  by  their  connecting-rods.  We  have  been  fortunate  in 
securing,  for  a  practical  example  with  which  to  illustrate  this  case,  copies 
of  the  indicator  diagrams  taken  on  the  trial  trip  of  a  steamer  recently  built 
by  one  of  the  best  Clyde  firms.  There  was  nothing  abnormal  about  the 
diagrams ;  consequently  we  need  not  reproduce  them  on  the  combined  dia- 
grams to  one  scale,  from  which  we  obtained  the  following  set  of  "  crank 
effort  curves."  The  "total  crank  effort  curve "  is  obtained  by  summing  up 
the  pressures  on  the  three-crank  effort  curves  along  the  respective  radial 
ordinates  to  the  tangential  pressures  on  the  crank-pin  circle.  The  ' '  mean 
crank  effort  curve"  is  found,  as  explained  under  (9).  The  chief  data 
connected  with  this  case  is  given  immediately  below  the  figure. 

♦  See  Lecture  XVI.  in  the  Author's  Text-Book  on  Steam  and  Steam  Engines,  tneJudinfl' 
^uriinet  tmd  BoUeri. 


CBAKK   EFFOBT  DIAQBAUa. 
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ClEANE  ElTOKT  DiAOKAH  OF  A  TRIPLE   EXPANSION  ENSIia. 

Ratio  of  expanaioii,  10  °4 

Length  of  connecting-rod  =  9  feet.     Stroke  =  4'5  feet. 

Mean  efficiency  of  steam,  or  ratio  of  area  of  work  in  cylinder  to  full 
theoretical  diagram,  55  per  cent. 

Cylinder's  diameter, 

Area, 

Katio, 

Mean  pressures,  lbs.  per  sq.  in.. 
Range  of  temperatures,  Fah., 

Steam,  164  lbs. ;  Vacuum,  26^  ins. ;  Receivers,  52  and  5  lbs. ; 
Revolutions,  62^  per  minute. 

I.H.P.  =  710  L.P. 


H.P. 

I.P. 

LP. 

28" 

46" 

77" 

615-8 

1661-9 

4656-6 

1 

2-80 

7-56 

67-6 

28-2 

9-7 

64-3'' 

74-9° 

80-8° 

Cut-o£fH.P.  =  33^  ins. 
»        IP.  =       „ 
,,      L.P.  =      „ 


=  799  LP. 
=  764  H.P. 

2273totalI.H.P. 
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Crank  Effort  Diagram  of  the  Quadruple-Expansion  Five-Crank 
Engines  of  S.S.  "  Inchdune." — The  description  of  these  engines  is 
given  in  my  Advanced  Steam  Book.  The  necessary  calculations 
with  explanations  and  the  drawings  from  which  the  accom- 
panying folding-plate  has  been  directly  reproduced  by  photo- 
graphy were  kindly  supplied  to  the  author  by  his  old  student, 
Mr.  William  C.  Borrowman,  M.Inst.O.E.,  General  Manager  of 
the  Central  Marine  Engineering  Works,  West  Hartlepool,  who 
designed  the  arrangement  of  engines  and  boilers. 

The  following  calculations  show  clearly  how  the  foregoing 
educational  illustrations  and  descriptions  are  applied  in  practice. 
The  results  thus  obtained  were  highly  gratifying  to  the  designer, 
not  only  in  the  even  subdivision  of  the  powers  derived  from 
the  five  cylinders,  but  in  the  mean  crank  effort  diagram,  com- 
parative freedom  from  stresses  and  vibration ;  but  also  in  the 
unprecedented  economy  in  steam  and  coal  of  these  engines  and 
boilers.     {See  the  frontis  folding-plate.) 

S.S.  "Inchdune"  Engines. 

PreUmmary  Data. — 
Diameter  of  cylinders,     .         .  17,  24,  34,  42,  42  inches. 

Length  of  stroke,     ...  ...      42      „ 

Diameter  of  piston-rods, 4|    „ 

Length  of  connecting-rod,         .....       7^  feet. 
Boiler  pressure  =  265  lbs.  by  gauge,  or  280  lbs.  absolute. 
Vacuum  by  gauge,  ......  =27  inches. 

Method  of  Calculating  Inertia  and  Gravitating  Effect  of  the 
Reciprocating  Parts — viz.,  piston,  piston-rod  and  ^  connecting- 
rod.  (The  crank-pin,  webs,  and  ^  connecting-rod  are  supposed 
to  balance  each  other.) 

Inertia  effect  for  an  infinite  1  _  Wd*  _  "^  _    (2"'  ^  N)* 
connecting-rod  J  ~  "^  ^y  (60)2  y.  32-2 

^    (2T]Sr)2      4  X  22  X  22  X  100^ 
"  "  32-2x60«°°7x  7x32-2x602 

„  „  =  34056. 

When  W  =  1  ton  (weight  of  reciprocating  parts), 
r  =  1  foot  =  radius  of  crank-pin  circle. 
N  =  100  revolutions  per  minute. 
V  -=  velocity  of  crank-pin  in  feet  per  second. 


N^i.cylindei 
»   2. 
f»    3 .       »» 

»>    4.A     >» 


Crank    Effort    Diagrams    of  the    Five-Cylinder    Quadruple-Expansior 


Maximum  _  1-492    Maximum  =  1*^90 
Minimum  '       Mean     ' 


the    Five-Cylinder    Quadruple-Expansion    Engines    of   the    S.Ss.    "Inchdune"    andi   "Inchmarlo 
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Correction  of  inertia  If  Inertia  effect   for  an   infinite   con- 
effect  for  finite  rod  J        \  necting-rod  x  constant. 


=  34056  X  COS  6  + 


n^  cos  2  ^  +  sin*  S 


K-sin2«)t 

When    6  =  angle  made  by  crank  with  line  of  stroke. 
I  =  length  of  connecting  feet  in  feet. 
r  =  length  of  crank  in  feet. 
_  length  of  connecting-rod       I 
length  of  crank  ~  r' 

But,  as  inertia  effect  increases  directly  as  W,  r,  and  N", 


=  ±/. 


./( 


W  X  r  X  QQQra  j  =  ±  /  X  a  constant. 


7-5 


T    .V-  length  of  connectmg-rod       I        .  .,        ,  „„^ 

In  this  case,  n  =  — —. -t— -^ -^ =  -  =  ^-s^  =  4-285, 

length  of  crank  r       1-75 

N  =  revolutions  per  minute  =  70. 
I  =  length  of  connecting-rod  =7-5  feet, 
r  =  radius  of  crank  =  1-75  feet. 

Then,  Inertia  effect  =  ±  /(Wr  -^^ 

,     „  ..     =±/(Wxl-75x    ^0x70 

Hence,    Total    effect    of) 


100  X  100, 
70x70 


)■ 


ence,     xoiai     euecs     oi  i  /  70  X  70  \ 

inertia     and    gravita-  j-  =  ± /("^  x  1-75  x  ^qq  ^  ^qq)  ^  ^• 

^^°^'  ^  >  (For  down  stroke.) 

=  5://'Wxl-75x^^ii^Vw 

"        »        "  +-^V  100x100/ 

(For  up  stroke.) 


Cylinder 
Number. 

Weight  ol 

Reciprocating  Parts 

in  Ions. 

Total  Inertia  and  GiaTltation 

Effect. 

1 

2 
3 

4f 
4a 

-9569 
1-108 
1-437 
1-46.34 
1-59 

+  (/x    -8205)  ±    -957 
+  (/x    -9501)  ±1-108 
+  (/x  1-2327)  ±1-437 
+  (/x  1-2549)  ±1-463 
+  (/x  1-3634)  ±1-590 
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Total 
Turning 
Moment, 
TM,  in  Inch- 
Tons,  due 
to  Gravity, 

Inertia 
and  Steam. 
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qo 
IN 

Turning 
Moment, 

TM, 
in  Inch- 
Tons,  due 
to  Steam 
only. 

lOlOt>.tt>QOCO'<*it^^»0000(M'-tO>* 
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Turning 
Moment, 

TM, 
in  Inch- 
Tons,  due  to 

Gravity 

and  Inertia 

only. 

1  1  1  1  1  \  +  +  +  +  +  +  +  +  +  +  + 

Gravity  and 

Inertia 

Effect,  F, 

due  to 

Eeciprooat- 

ing  Farts, 

in  Tons.* 

0S»«Q0t^C00>O>^t^O'-«CD0^-*(N00^0S 

1 1 1 1 1 1 \ ++++++++++++ 

Weight  of 

Keoipro- 

cating 

Parts,  W, 
in  Tons. 
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Total 
Pressure 
on  Piston 
in  Tons. 

aaa300t'-C01AU310^COOr-«^rHCOr-Hiat-.QO 

<»r-i7Hipoo«osi^.S'*rtrt?.So»!|HSSS 
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Pressure 
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per 
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Absolute. 
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Crank 
Lever- 

Inches. 
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Angle 
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Effective  eramk  leverage  calculated  from  the /oUoimmg  formula:— 

Effective  leverage,  L,  of  \       ^_;„  ^f-,  roosi 

crank  i 


leverage,  L,  of  )  _  J^  rcosS        \ 

k  at  angle  i         |  -  »•  sm  »\^i  +  jpT^s^^TeJ 


When,      6  =  angle  of  crank  with  line  of  stroke. 

r  =  length  of  crank  in  feet. 
And  I  =  length  of  connecting-rod  in  feet. 

Travel  of  piston,  T,  from  commencement  of  stroke  when  crank 
is  at  an  angle  6  =  r(l  -  cos  i)  ±  I  +  iJP  -  r*  sin^  t. 

Down  stroke : — 

Total  inertia  and  1  _  _  -(.^      N'  \     ™. 

gravitation  effect,  F  J  -  +J\^'^  (100)  V 

=  :p/(.9569x  1.75.  jJJ^)  + -9569. 

=  +/x -8205 +  -9569. 

Up  stroke : — 

Total  inertia  and  )  _  _  /./-tTT      J^'  ^     -m- 

gravitation  effect,  FJ  -  +J\J'^  (lOO)V  ~ 

=  +/(-9569x  1-75  x^J«^) -9569. 

=  +/x -8205- -9569. 

_,  .  «       Total   TM   during  down  stroke 

Mean  turning  moment,  |  ^  ^^^^  ^M  during  up  stroke 

T  M,  in  inch-tons  for  >  = 5j» — - — * • 

No.  1  cylinder  ) 

2066-87  +  1408-702 
»  »  ~  36 


3475-572      „„,,..    ,. 

=  — 55 =  96-544  inch-tons. 

oo 

Note. — Piston-rod  areas  have  been  deducted  in  working  up 
the  mean  pressures  of  the  indicator  cards. 

Mean  turning  moment,"* I.H.P.  x  33,000  x  12 

T  M,  from  I.H.P.     /  ~  2,240  x  2  t  x  revolutions  per  min. 


MEAN   TURNING   MOUKNTS. 
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Table  showino  the  I.H.F.,  Mean  Turning  Moments  fob  Each  Cbank, 
AND  THE  Totals  fob  the  S.S.  "Inchdunb." 


Cylinder 
Number. 

Indicated 

Horse-Power, 

I.H.P. 

Mean  Turning  Moment, 

TM,  from 

I.H.P. 

Mean  Turning  Moment, 

TM,  from 

above  Calculation. 

1 

2 

3 

4t 

4a 

240 
236 
252 
263 

278 

96-516 

94-907 

101-342 

105-765 

111-798 

96-544 

94-337 

101-399 

106-132 

111-866 

Total,    . 

1,269 

510-328 

510-278 

Percentage  difference  between  1 
mean  turning  moments        J 


(510-328- 510-278)  X 
=  -009  per  cent,  error. 


100 


510-328 


Example  III. — What  is  the  effect  of  inertia  and  gravitation  on 
the  reciprocating  parts  of  a  vertical  engine  having  a  stroke  of 
42  inches,  connecting-rod  equal  4  cranks,  weight  of  recipro- 
cating parts  2  tons,  position  of  crank  from  commencement  of 
down  stroke  30°,  revolutions  per  minute  721 

N2  \ 


^  =  ^{(-/^-Ioop)^i} 

i'  =  2|(-3-3876.1-75x^,)H.l}-- 


4'1466  tons. 
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Lecture  XVII.— Questions. 

1.  In  a  double-acting  engine  the  mean  pressure  on  the  piston  is  4  tons 
Mid  the  length  of  the  stroke  18  inches,  what  is  the  mean  pressure  which 
can  be  taken  from  the  rim  of  the  fly-wheel,  the  estimated  diameter  of 
which  is  8  feet!    Ans.  1069  lbs.  (about). 

2.  The  crank  of  a  steam  engine  is  2  feet  long,  and  the  mean  tangential 
force  acting  upon  it  is  17,000  Ids.,  what  is  the  mean  pressure  of  the  steam 
upon  the  piston  of  the  engine  during  each  stroke?    Ans.  26703 '6  lbs. 

3.  In  a  direct-acting  engine  the  diameter  of  the  cylinder  is  17  inches,  and 
the  mean  pressure  of  the  steam  60  lbs.,  the  crank  being  12  inches  long,  what 
is  the  mean  pressure  on  crank  in  the  direcraon  of  its  motion  ?  An».  8,670  lbs. 

4.  Explain  the  manner  in  which  the  reciprocating  motion  of  the  piston 
in  a  locomotive  engine  is  converted  into  the  rotatory  motion  of  the  crank 
shaft.  What  are  the  dead  points  ?  Show  by  the  principle  of  work  that 
there  is  no  loss  of  power  by  the  intervention  of  the  crank,  friction  being 
disregarded. 

5.  Explain  the  method  of  representing  in  a  diagram,  the  work  done 
daring  one  revolution  of  the  crank  of  an  engine  by  setting  off  ordinates 
representing  the  tangential  efforts  on  the  crank  pin. 

6.  In  a,  direct-acting  engine  the  crank  and  connecting-rod  are  as  1  to  6. 
Find  an  expression  for  the  tangential  pressure  on  the  crank  pin  in  any 

Sosition.  Construct  an  approximate  diagram  of  work  done  upon  the  crank 
uring  the  stroke,  and  give  a  sketch  of  the  same,  (1)  when  there  is  a  single 
cylinder,  and  (2)  when  there  are  two  cylinders  working  cranks  at  right 
Vigles. 

7.  In  a  horizontal  direct-acting  engine  you  are  required  to  find  an 
expression  for  the  tangential  force  upon  the  crank  pin  in  any  given  position 
of  the  crank.  Example — The  lengths  of  the  crsuik  and  connecting-rod  being 
1  and  6  respectively,  and  the  pressure  on  the  steam  piston  being  2,000  lbs., 
estimate  the  tangential  force  on  the  crank  when  in  a  vertical  position. 
Find  also  the  vertical  force  acting  upon  the  crank  shaft.  Atu.  2,000  lbs. 
333  lbs. 

8.  In  a  direct-acting  horizontal  engine  the  length  of  thu  crank  i  foot 
and  that  of  the  connecting-rod  is  5  feet.  When  the  crank  is  vertical  the 
pressure  of  the  steam  on  the  piston  is  4,000  lbs. ;  find  the  thrust  along  the 
connecting-rod,  and  the  pressure  on  the  guide  bars  at  that  point  of  the 
stroke.     Ant.  4082-5  lbs.;  816-5  lbs. 

9.  If  the  cylinder  of  a  locomotive  be  20  inches  in  diameter  with  a  stroke 
of  2  feet,  and  the  diameter  of  the  driving  wheel  be  6  feet,  find  the  tractive 
force  exerted  by  the  engine  for  each  pound  of  pressure  per  square  inch  on 
the  piston.     Ana.  66-6  lbs. 

10.  Explain  the  effects  of  the  inertia  of  the  reciprocating  parts  in  a 
reciprocating  engine,  and  taking  a  particular  case,  work  out  a  crank-pin 
stress  diagram. 

11.  Draw  an  indicator  diagram  of  a  corliss  (or  some  engine  with  instan- 
taneous cut-off),  in  which  the  cut-off  took  place  at  ^  stroke.  From  this 
construct  a  diagram  of  crank  effort  (1)  for  a  single  cylinder  engine,  (2)  for 
double  cylinder  engine  with  cranks  at  right  angles. 

12.  In  a  direct-acting  engine,  find  the  ratio  of  the  velocity  of  the  crank- 
pin  to  that  of  the  piston  in  any  given  position  of  the  crank. 
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/3.  The  crank  of  an  engine  has  a  radius  of  18  inches,  the  connecting-rod 
js  6  feet  long,  and  the  number  of  revolutions  made  by  the  engine  ia  80  per 
minute.  Fmd  graphically  or  otherwise  the  velocity  of  the  piston  in  feet 
per  second  when  the  crank  has  passed  through  an  angle  of  30°  from  the 
dead  centre  during  the  forward  stroke.     Ana.  7'65  feet  per  second. 

14.  In  a  direct-acting  horizontal  engine,  where  the  connecting-rod  works 
between  guides,  the  connecting-rod  is  five  times  as  long  as  the  crank,  the 
pressure  on  the  piston  when  the  crank  is  vertical  being  1,250  lbs. ;  find  the 
thrust  on  the  slide  bar,  neglecting  friction,  and  indicate  the  direction  in 
which  it  acts.  Does  the  direction  of  the  thrust  change  during  any  part  of 
the  revolution  ?    Ana.  255  lbs. 

15.  In  a  direct-acting  engine  the  crank  is  2  feet  in  length,  and  the  con- 
necting-rod is  8  feet ;  find  the  distance  in  inches  of  the  piston  from  the 
middle  point  of  its  stroke,  when  the  crank  is  at  90°  from  a  dead  centre. 
Answer  this  by  calculation  as  well  as  graphically.     Ana.  3 '05  inches. 

16.  A  steam  engine  with  a,  cylinder  of  d  inches  in  diameter,  receives 
steam  at  80  lbs.  absolute  pressure  per  square  inch,  and  the  cut-oif  is  at  j 
of  the  stroke.  Find  an  expression  for  the  diameter  of  the  cylinder  of 
another  engine  with  the  same  stroke  and  piston  speed  which  develops  the 
same  horse-power  as  the  first  engine,  but  which  cuts  oflf  the  steam  at 
i  stroke.  What  would  be  the  relative  maximum  stresses  on  the  crank-pin 
and  crank-shaft  of  the  two  engines  when  both  transmit  the  same  power, 
the  inertia  of  the  reciprocating  parts  and  the  obliquity  of  the  connecting- 
rod  being  neglected  ? 

17.  What  is  the  effect  of  inertia  and  gravitation  on  the  reciprocating 
parts  of  a  vertical  engine  having  a  stroke  of  60  inches ;  connecting-rod  equal 
four  cranks  ;  weight  of  reciprocating  parts,  3  tons  ;  position  of  crank  from 
commencement  of  up  stroke,  30° ;  revolutions  per  minute,  150  ?  Plot  the 
inertia  and  leverage  diagram  for  this  engine,  making  the  radius  of  the 
diagram  equal  by  scale  to  the  calculated  centrifugal  force  or  inertia  effect 
for  an  infinite  connecting-rod  acting  at  the  commencement  of  stroke  upon 
the  crank-pin. 

F  =  -  45-354  tons. 

18.  Describe  and  show  graphically  how  the  force  transmitted  to  the 
crank-pin  is  affected  by  the  inertia  of  the  moving  reciprocating  parts  in  a 
stationary  horizontal  engine  during  the  forward  and  backward  strokes  of 
the  piston  respectively.  How  is  the  force  affected  by  an  increase  in  the 
ratio  of  expansion  of  the  steam,  by  the  shortness  of  the  connecting-rod, 
and  by  the  momentum  of  the  flywheel  ?  In  a  horizontal  non-condensing 
engine,  whose  cylinder  is  16  inches  diameter,  stroke  28  inches,  connecting- 
rod  5  feet  10  inches  in  length,  making  100  revolutions  per  minute,  and 
working  with  steam  whose  initial  gauge  pressure  is  140  lbs.  per  square 
inch,  when  cutting-off  takes  place  at  four- tenths  of  the  stroke,  what  would 
be  the  pressure  on  the  crosshead  at  the  beginning  and  at  the  end  of  the 
stroke  if  the  weight  of  the  reciprocating  parts  is  350  lbs.  ?  and  show,  by  a 
diagram,  the  variation  in  the  pressure  as  the  piston  makes  its  forward 
stroke,  the  effect  of  the  cushioning  of  the  steam  at  the  end  of  the  stroke 
being  neglected;  expansion  a,aiipv  were  constant.     (S.  &  A.,  1897,  Hons.) 

19.  The  piston  and  all  that  is  rigidly  connected  with  it  weigh  500  lbs. , 
the  crank  is  1  foot  long,  and  the  speed  200  revolutions  per  minute.  Show, 
on  a  diagram,  the  forces  which  must  be  exerted  at  the  crosshead  during  a 
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revolution  if  there  is  no  steam  pressure.  Choose  a  pair  of  indicator  dia- 
grams, and  sho-vr  how  we  find  the  diagram  of  forces  acting  at  the  crosshead. 
Assume  an  infinitely  long  connecting-rod.     (S.  &  A.,  1898,  H.,  Part  i.)  ' 

20.  If,  on  a  piston  of  120  square  inches  in  area  and  weighing  with  piston- 
rod  290  lbs.,  there  is  at  a  certain  instant  a  pressure  of  130  lbs.  per  square 
inch  on  one  side  more  than  what  there  is  on  the  other,  and  if  the  piston 
acceleration  at  that  instant  is  420  feet  per  second  per  second  in  the  direc- 
tion in  which  the  steam  is  urging  the  piston,  what  is  the  total  force  acting 
at  the  crosshead?  If  this  acceleration  occurs  when  the  piston  is  one- 
quarter  of  its  stroke  from  one  end,  assuming  an  infinitely  long  connecting- 
rod,  how  many  revolutions  per  minute  is  the  engine  maJcing  ?  The  crank 
is  1  foot  long.     (B.  of  E.,  1900,  Adv.  and  H.,  Part  i.) 

21.  Explain  fuUy  the  influence  of  the  reciprocating  parts  in  modifying 
the  effective  steam  pressure  in  an  engine,  and  show  how  to  make  the  cal- 
culations necessary  in  order  to  determine  the  weight  of  flywheel  needed  to 
keep  the  fluctuation  of  speed  during  one  revolution  of  an  engine  within 
any  chosen  limit.     (C.  &  G.,  1900,  H.,  Sec.  B.) 

22.  If  the  connecting-rod  is  5  feet  long,  and  the  crank  is  1  foot ;  200 
revolutions  per  minute ;  what  are  the  accelerations  of  the  piston  when  it  is 
farthest  from  and  nearest  to  the  crank !  The  piston  and  rod  and  cross- 
head  weigh  330  lbs.  Area  of  piston  120  square  inches.  At  the  beginning 
of  either  the  in  or  out  stroke  the  pressure  is  80  lbs.  per  square  inch  on  one 
side  in  excess  of  what  it  is  on  the  other.  Find  the  total  forces  on  the 
crosshead  in  these  two  cases.     (B.  of  E.,  1902,  H.,  Fart  i.) 

23.  Sketch  a  real  probable  indicator  diagram  for  a  non-condensing 
engine,  single  cylinder,  18  inches  diameter,  crank  15  inches,  150  revolu- 
tions per  minute,  cutting  off  at  about  half -stroke,  with  slide-valve. 
Neglecting  inertia  effects,  show  how  we  find  the  turning  moment  on  the 
crank-shaft  in  every  position,  and  how  it  usually  varies.  What  effect  has 
this  change  of  moment  upon  the  strength  of  the  crank-shaft  ?  (B.  of  £., 
1902,  H.,  Parti.) 

24.  Piston  115  square  inches  in  area.  At  the  beginning  of  either  stroke 
there  is  a  diffK'ence  of  pressure  of  90  lbs.  per  square  inch  on  its  two  sides, 

Producing  total  force  in  the  direction  in  which  the  piston  is  about  to  move. 
'he  piston  and  its  rod  weigh  410  lbs.  The  engine  makes  130  revolutions 
per  minute ;  crank  1  foot.  ITeglecting  angularity  of  connecting-rod — ^that 
is,  assuming  that  the  piston  has  a  simple  harmonic  motion — what  is  the 
actual  force  at  the  crosshead  at  the  beginning  of  either  stroke?  What 
correction  must  be  made  when  the  angularity  of  the  connecting-rod  is  not 
neglected ;    (B.  of  E.,  1903,  Adv.  and  H.,  Part  i.) 

25.  Explain  what  is  meant  by  the  "  pressure  due  to  the  inertia  of  the 
reciprocating  parts  "  in  a  steam  engine,  and  show  how  it  modifies  the 
effective  crank  effort  at  different  points  of  the  stroke.  If  the  revolutions 
per  minute  are  400  and  the  mean  piston  speed  1,200  feet  per  minute,  show 
that,  with  a  4  to  1  rod,  the  maximum  inertia  pressure  is,  very  approxi- 
mately, fifty  times  the  weight  of  the  reciprocating  parts.  (C.  i  G.,  1903, 
H.,  Sec.  B.) 
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1.  What  is  meant  by  the  instantaneous  axis  of  a  moving  piece  ?  How 
do  you  find  it  in  the  case  of  a  connecting-rod,  and  how  do  you  apply  it  to 
find  the  velocity  of  the  piston  at  any  point  of  its  stroke,  when  the  velocity 
of  the  orank-pin  is  known!    (I.G.E.,  Oct.,  1897.) 

2.  Show  how  to  find  the  acceleration  of  an  engine  piston  at  each  end  ot 
its  stroke  when  the  length  of  the  connecting-rod,  the  length  of  the  stroke, 
and  the  number  of  revolutions  per  minute  are  given.  Find  the  force 
required  for  acceleration  per  lb.  mass  of  the  piston,  at  each  end  of  the 
stroke,  in  an  engine  with  an  8-inch  crank  and  30-inch  connecting-rod 
making  300  revolutions  per  minute.     (I.G.E.,  Oct.,  1897.) 

3.  What  is  a  crank-effort  diagram  {  What  data  are  required  to  allow 
it  to  be  drawn,  and  how  is  it  applied  in  finding  the  fluctuations  of  speed  in 
an  engine  when  the  dimensions  and  speed  of  the  flywheel  are  known? 
(I.C.E.,  Feb.,  1898.) 

4.  A  piston  and  its  rod  and  crosshead  weigh  460  lbs.  The  engine  makes 
250  revolutions  per  minute,  the  crank  is  1  foot  long.  Make  a  diagram  of 
the  horizontal  force  at  the  crosshead  at  every  point  in  the  stroke :  (1) 
assuming  the  connecting-rod  infinitely  long ;  (2)  taking  the  conneeting-rod 
to  be  5  feet  long.  State  the  force  at  some  one  place  so  that  your  scale 
may  be  checked.    Assume  no  friction.     (I.C.E.,  Oct.,  1898.) 

5.  Show  how  to  find  graphically  the  acceleration  of  the  piston  of  a 
direct-acting  engine  in  any  position,  the  crank-pin  being  assumed  to  move 
uniformly.  Sketch  the  form  of  the  curve  of  acceleration  (1)  on  a  piston, 
and  (2)  on  a  crank  angle  base.  Describe  generally  the  influence  of  the 
inertia  of  the  piston,  rods  and  crosshead,  on  the  stresses  set  up  in  the 
crank-pin.  The  weight  of  the  reciprocating  parts  is  equivalent  to  3  lbs. 
per  square  inch  of  the  area  of  the  piston.  If  the  length  of  crank  be 
9  inches,  find  how  much  the  initial  effective  pressure  is  reduced  by  the 
inertia  of  the  reciprocating  parts  when  the  crank  makes  70  revolu- 
tions per  minute,  the  obliquity  of  the  connecting-rod  being  neglected. 
(I.C.E.,  Oct.,  1900.) 

6.  The  weight  of  the  reciprocating  parts  of  a  single-cylinder  engine  is 
4,040  lbs.,  the  stroke  is  39  inches,  and  the  revolutions  143  per  minute ;  the 
diameter  of  the  cylinder  is  33  °5  inches,  and  the  length  of  the  connecting- 
rod  is  twice  the  stroke.  Find  "the  pressure  equivalent  to  the  inertia  "  at 
each  end  of  the  stroke.     (I.C.E.,  Oct.,  1902. 

7.  Estimate  the  greatest  and  least  forward  velocity  of  the  piston  of  a 
locomotive  engine  relative  to  the  rails  when  the  train  is  running  at  SO  miles 
per  hour,  the  diameter  of  the  driving-wheels  being  66  inches,  the  length  of 
stroke  27  inches,  and  the  length  of  engine  connecting-rod  54  inches. 
(I.C.E.,  FO).,  1903.) 

8.  Having  given  the  indicator  diagrams  of  a  steam  engise,  explain  what 
corrections  have  to  be  made  and  how  the  corrections  modify  the  result, 
before  the  effective  turning  moment  on  the  crank-shaft  can  be  determined. 
If  the  revolutions  per  minute  are  400  and  the  piston  speed  1,200  feet  per 
minute,  show  that,  if  the  connecting-rod  is  four  times  the  length  of  the 
crank  radius,  the  maximum  inertia  pressure  is,  very  approximately,  fifty 
times  the  weight  of  the  reciprocating  parts.     (I.C.E.,  Oct.,  1903.) 

9.  Show  how  to  find  the  instantaneous  centre  of  the  connecting-rod  of  a 
direct-acting  engine.  Hence  deduce  a  graphic  construction  for  the  speed 
of  the  piston  and  its  acceleration.    (I.C.E.,  Oct.,  1904.) 
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10.  Describe  the  oonstruotion  of  a  curve  of  velocity  of  the  piston  of 
a  crank  and  connecting-rod  engine,  and  show  that  the  same  curve  also 
represents  the  varying  crank  effort  of  the  engine,  supposing  the  pressure 
on  the  piston  is  constant.     (I.C.E.,  Feb.,  1905.) 

11.  Explain  how  a  force  available  for  propelling  a  train  is  derivable  from 
the  pressure  of  the  steam  in  the  cylinders  of  a  locomotive  engine,  observing 
that  the  steam  pressure  acts  with  equal  force  on  the  piston  one  way  and  on 
the  cylinder  end  in  the  opposite  direction.  The  weight  of  a  portion  of  a 
locomotive  engine,  which  is  borne  by  the  two  driving  wheels  of  5  feet 
diameter,  being  15  tons  and  the  coefficient  of  friction  being  assumed  to  be 
one-fifth ;  determine  the  least  intensity  of  pressure  of  steam  on  the  two 
pistons  which  will  cause  the  driving  wheels  to  slip  in  every  position  of  the 
crank-shaft,  the  length  of  the  stroke  being  2  feet  3  inches,  and  the  diameter 
of  the  cylinder  1  foot  9  inches.  Determine  also  the  pressure  to  which  the 
steam  must  be  restricted  if  slipping  is  to  be  avoided  in  all  positions,  the 
length  of  the  connecting-rod  being  5  feet.     (I.C.E.,  Feb.,  1905.) 

12.  A  steam  engine,  whose  crank  rotates  at  a  uniform  speed  of  200 
revolutions  per  minute,  has  a  stroke  of  2  feet,  the  length  of  the  connecting- 
rod  being  6  feet.  Show  how  you  would  proceed  to  draw  the  curve  of 
velocity  of  the  piston.     (I.C.E.,  Oct.,  1905.) 

13.  It  is  desired  to  draw  the  turning-effort  diagram  for  a  cross  compound 
horizontal  engine  in  order  to  calculate  the  dimensions  of  the  flywheel. 
Enumerate  the  data  required,  and  explain  fully  the  process  that  has 
to  be  followed,  illustrating  your  remarks  by  means  of  hand  sketches. 
(I.C.E.,  Oct.,  1905.) 

14.  What  are  the  relative  advantages  and  disadvantages  of  (i. )  a  piston 
connected  to  the  crank  by  the  usual  piston-rod,  slide,  and  oonnecting-rod ; 
(ii.)  a  trunk  piston  with  connecting-rod?  Illustrate  your  remarks  by 
means  of  hand  sketches,  and  give  instances  of  the  use  of  each  arrangement. 
(I.C.E.,  Oct.,  1905.) 

15.  Show  how  to  find  the  inertia  forces  due  to  the  piston  of  a  steam 
engine : — (i. )  On  the  supposition  that  the  connecting-rod  is  of  infinite 
length ;  (ii. )  on  the  supposition  that  the  ratio  of  the  connecting-rod  to  the 
crank  is  r.  Draw  a  diagram  on  a  stroke  base,  giving  the  inertia  at  every 
point  of  the  stroke,  when  r  =  5,  the  weight  of  the  piston  is  200  lbs.,  and 
the  engine  makes  400  revolutions  per  minute.     (I.  C.  E. ,  Oct. ,  1905. ) 

16.  Enumerate  the  forces  to  which  the  connecting-rod  of  a  horizontal 
steam  engine  is  exposed  during  a  complete  revolution,  and  explain  to  what 
stresses  these  forces  give  rise.     (I.C.E.,  Feb.,  1906.) 

17.  The  cylinder  of  a  steam  engine  is  24  inches  in  diameter,  the  stroke 
being  24  inches  and  the  length  of  the  connecting-rod  48  inches.  Determine 
by  calculation,  or  graphically,  the  force  on  the  connecting-rod,  the  pressure 
on  the  slide-block,  and  the  twisting  moment  on  the  crank-shaft  due  to  an 
effective  pressure  of  90  lbs.  per  square  inch  on  the  piston,  when  the  crank 
has  turned  through  an  angle  of  30  degrees  during  the  forward  stroke. 
(I.C.E.,  Feb.,  1906.) 

18.  Give  any  method  for  finding  the  instantaneous  value  of  the  velocity 
in  magnitude  and  direction  of  the  middle  point  on  the  centre  line  of  the 
oonnecting-rod  of  a  steam  engine,  having  given  the  instantaneous  value  of 
the  velocity  of  the  crank  pin.     (I.C.E.,  Oct.,  1906.) 

19.  Show,  that  if  B  be  the  crank  angle  subtended  by  the  connecting-rod, 
the  acceleration  of  the  piston  is  given  approximately  by 

a  =  a^r  (cos  6  +  n  .  cos  2  6), 

where  r  is  the  crank  radius,  <>>  is  the  uniform  angular  velocity  of  the  crank, 
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and  n  is  the  ratio  of  the  crank  radius  to  the  length  of  the  connecting-rod. 
Calculate  the  value  of  the  acceleration  in  the  case  where  6  =  60°  and  the 
crank  revolves  300  times  per  minute.     (I.C.E.,  Oct.,  1906.) 

20.  The  accompanying  figure  gives  the  total  net  pressures  a<3ting  on 
the  piston  of  a  steam  engine  during  the  forward  stroke.     The  ratio  of  the 
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crank  to  the  connecting-rod  is  1  to  5"0.      Draw  a  diagram  giving  the 
tangential  effort  at  all  positions  of  the  crank  during  the  forward  stroke. 

(I.C.E.,  Oct.,  1907.) 

21.  A  vertical  high-speed  engine,  having  a  4J-inch  crank,  is  revolving  at 
400  revolutions  per  minute.  The  weight  of  the  moving  parts  (piston, 
piston-rod  and  slipper,  and  the  upper  half  of  the  connecting-rod)  is  150  lbs. 
Establish  an  approximate  formula  by  means  of  which  the  vertical  inertia 
force  can  be  obtained  at  any  point  of  the  stroke  when  the  connecting-rod 
is  finite,  and  by  its  means  calculate  the  inertia  force  at  the  top  and  bottom 
of  the  stroke — (a)  when  the  connecting-rod  is  supposed  infinite ;  (6)  when 
the  ratio  of  the  crank  to  the  connecting-rod  is  1  to  4  '2.    (I.  C.  E. ,  Oct. ,  ]  907. ) 

22.  To  what  forces  is  the  oonnecting-rod  of  a  steam  engine  subjected  ? 
Show  that  the  proportionate  effect  of  these  forces  is  not  the  same  in 
a  slow-speed  engine  as  it  is  in  a  high-speed  engine.  In  the  latter  case 
indicate  how  you  would  proceed  to  calculate  the  necessary  cross-section 
(supposed  rectangular)  at  its  weakest  point.     (I.C.E.,  Oct. ,  1907.) 

23.  Take  the  case  of  the  piston  of  a  reciprocating  steam  engine  and  show, 
either  analytically  or  graphically  by  means  of  a  polar  diagram,  how  the 
velocity  of  the  piston  at  any  point  of  the  stroke  can  be  obtained.  Deter- 
mine also  the  shape  of  the  velocity  curve  when  plotted  on  a  stroke  base, 
and  make  a  sketch  of  this  curve.     (I.C.E.,  Feb.,  1908.) 

24.  Explain  how  it  is  that,  in  the  case  of  a  petrol  engine  running  at  a 
high  speed,  the  effect  of  the  inertia  forces  due  to  the  motion  of  the  piston, 
of  the  connecting-rod,  and  of  the  crank  pin  is  to  substantially  reduce  the 
irregukirity  of  the  effort  diagram  on  the  piston.  Would  it  be  practically 
safe  to  use  this  diagram  in  determining  the  dimensions  of  the  connecting- 
rod  and  of  the  cramc  shaft?    Give  your  reasons.     (I.C.E.,  Feb.,  1908.) 

25.  Show  how  to  construct  a  diagram  representing  the  velocity  of  the 
erosshead  of  a  reciprocating  engine  if  the  crank  has  uniform  velocity. 
Show  also  the  direction  of  motion  of  a  point  one-third  the  length  of  the 
connecting-rod  from  the  erosshead  at  any  three  points  between  dead 
centres,  if  the  length  of  the  connecting-rod  is  five  times  that  of  the 
crank.     (I.C.E.,  Oct.,  1908.) 
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LECTURE   XVIII. 

Contents. — Governing  of  Engines — Watt's  Governor — Action  of  Watt's 
Governor — Theory  of  Watt's  Governor — Conical  Pendulum — Example 
I. — Common  Pendulum  Governor — Crossed  Arm  Governor — Parabolic 
Governors — Galloway's  Parabolic  Governor — Porter's  loaded  Governor 
— Theory  of  Porter's  Governor — Example  II.  — Spring  loaded  Governors 
— Proell's  and  Hartnell's  Spring  Governors — Pickering  Governor — 
Willans'  Spring  Governor — Governing  by  Throttling  and  Variable  Ex- 
pansion—Shaft  Governors — Relays — Knowles'  Supplemental  Governor 
— Inertia  Governors — Thunderbolt's  Marine  Engine  Governor — Thun- 
derbolt's Electric  Governor  Regulator — Experiments  upon  the  Action 
of  Engine  Governors — ProeU  Governor— BelUss  Shaft  Governor — Com- 
parison of  Different  Governors — Results  of  Different  Governors — To 
obtain  the  Controtling  Force  Graphically  —  Flywheels  —  Balancing 
Machinery— Weston  Self 'balancingCentrifugal  Machine— Water-Driven 
Centrifugals  with  Automatic  Cut-off— Calculations  of  Work  Done  in 
Overcoming  Inertia,  &o.  — Electrically-Driven  Centrifugal  Machines — 
Considerations  of  the  Different  Ways  for  Driving  Centrifugals — Rela- 
tive Efiioiencies  of  Three  Different  Ways  of  Driving  Centrifugals — 
Examples  III.,  IV.,  and  V. — Questions. 

Governing  of  Engines.* — For  many  purposes  to  -which  engines 
are  applied,  it  is  necessary  that  they  should  maintain  a  uni- 
form speed.  Owing  to  Tariations  of  load  and  of  pressure  on  the 
piston,  they  must  have  some  regulating  device,  in  order  to 
accomplish  this  object.  Fluctuations  of  the  speed  of  a  steam 
engine  are  of  two  kinds.  (1)  Those  -which  occur  during  the 
time  of  a  revolution,  and  are  periodic,  being  caused  by  the 
varying  pressure  on  the  piston,  and  obliquity  of  the  connecting 
rod.  (2)  Those  v^hich  are  due  to  change  of  load,  or  boiler 
pressure,  and  are  Tiot  periodic.  To  control  the  first  of  these  as 
far  as  possible,  an  engine  is  fitted  -with  a  Flywheel,  and  for  the 
second  a  Governor  is  also  required. 

*  The  following  is  a  list  of  books  and  papers  treating  of  governors  and 
governing ; — 

Paper  on  "The  Electrical  Regulation  of  the  Speed  of  Steam  Engines,"  by 
P.  W.  Willans.    Proe.  Inst.  G.K,  1885,  vol.  IxxxL,  p.  166. 

Paper  on  "A  New  Method  of  Investigation  applied  to  the  Action  of 
Steam  Engine  Governors, "by  Prof.  Dwelshauvers-Dery of  Li^ge,  trans- 
lated by  Michael  Longridge.     Proc.  Inst.  C.E,,  1888,  vol.  zciv.,  p.  210. 

Paper  on  "  The  Cyclical  Velocity- Variations  of  Steam  and  other  Engines," 
by  H.  B.  Ransom.     Proc.  Inst.  O.E.,  1889,  vol.  xoviii.,  p.  357. 

Paper  on  ' '  The  Application  of  Governors  and  Flywheels  to  Steam  Engines," 
by  Prof.  Dwelshauvers-Dery,  translated  by  Bryan  Donkin.  Proe. 
Inst.  C.E.,  1891,  vol.  civ.,  p,  196. 

Paper  on  "Flywheels  and  Governors," by  H.  B.  Ransom.  Proc.  Inst.  O.E., 
1892,  vol.  cix.,  p.  330. 

Paper  on  "Steam  Engine  Governors  and  their  Insu£Scient  Regulating 
Action  -with  Extreme  Variations  of  Load,"  by  Prof.  Dwelshauvers-Dery, 
translated  by  Bryan  Donkin.    Proc.  Inst.  O.E.,  1892,  vol.  ex.,  p.  276. 

Paper  on  "A  Method  of  Testing  Engine  Governors,"  by  H.  B.  Ransom. 
Proc.  Inst.  0,.^,  1893,' vol.  oxiii.,p.  194.  Also,  1899,vol.oxxxvii.,p.376. 
6  26 
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A  governor  is  a  piece  of  mechanism  which  regulates  the 
amount  of  steam  supplied  to  the  engine,  to  suit  the  work  it  is 
doing,  whereas,  as  explained  in  the  previous  Lecture,  a  fly- 
wheel acts  in  virtue  of  its  inertia,  so  as  to  distribute  throughout 
a  whole  revolution  the  energy  developed  in  the  cylinder.  The 
governor  can  have  no  effect  whatever  on  the  periodic  variations 
of  speed,  since  it  can  only  act  during  the  time  that  steam  is 
being  admitted  to  the  cylinder.  With  regard  to  the  irregular 
fluctuations  of  speed,  due  to  a  change  of  load,  the  flywheel  makes 
them  more  gradual  and  thus  gives  the  governor  time  to  act. 
A  great  many  varieties  of  governors  have  been  invented 
since  the  introduction  of  the  steam  engine,  such  as  hydraulic, 
centrifugal,  inertia,  and  electrical  governors.  By  far  the  greatest 
number,  however,  depend  for  their  action  on  centrifugal  force 
and  inertia,  and  since  these  form  useful  examples  of  the  practical 
application  of  the  principles  enunciated  in  the  previous  Lectures, 
we  shall  now  confine  our  remarks  to  such  governors. 

Watt's  Governor. — One  of  Watt's  important  inventions  was 
his  conical  pendulum  governor,  as  applied  to  his  double-acting 
engine.*  This  governor  consists  of  two  arms,  A  A,  carrying 
heavy  balls,  B  B,  and  pivoted  on  a  pin,  P,  passing  through 
the  centre  of  the  vertical  spindle,  V  S.  The  upper  ends  of 
these  arms  are  bent,  as  shown  on  the  figure,  and  are  connected 
by  short  links,  LL,  to  the  sleeve,  S.  This  sleeve  is  free  to 
move  vertically  on  the  spindle,  V  S,  but  is  made  to  rotate  with 
it  by  a  feather,  P,  and  corresponding  keyway.  This  sleeve  acts 
on  one  end  of  the  bell  crank,  B  C,  and  thus  moves  the  rod  con- 
Paper  on  "  The  Mechanical  and  Electrical  Regulation  of  Steam  Engines," 

by  John  Richardson.     Proc.  Inst.  G.B.,  1895,  vol.  oxx.,  p.  211. 
Paper  on  "Governing  of  Steam  Engines  by  Throttling  and  by  Variable 

Expansion,"  by  Capt.  H.  R.  Sankey.     Proc.  Inst.  M.E.,  1895,  p.  154. 
Paper  on  "  Steam-Engine  Governors,"  read  before  the  Manchester  Associa- 
tion of  Engineers,  by  C.  F.  Budenberg,  M.So.     See  Tlie  Practical 

Engineer,  17th  April,  1891,  vol.  v.,  p.  258. 
A  series  of  articles  on  "Engine  Governors,"  by  R.  G.  Blaine,  M.E.,  in 

The  Practical  Engineer,  beginning  13th  June,  1890,  vol.  iv.,  p.  386, 

and  ending  24th  April,  1891,  vol.  v.,  p.  277. 
Article  on  "  A  New  Shaft  Governor,"  by  E.  J.  Armstrong,  in  The  Practical 

Engineer,  26th  July,  1895,  vol.  xii.,  p.  71. 
Article  on  "  Shaft  Governors,"  by  E.  T.  Adams,  in  the  Electrical  World  of 

New  York.     July,  1896. 
See  Index  for  Governors  in  Oas,  Oil,  and  Air  Engines,  by  Bryan  Donkin, 

published  by  Charles  GriflSu  &  Co. 
77ie    Steam    Engine,   by  D.    K.    Clark    (Blackie    Sc    Son),   chap.  v.,.  on 

Governors,  p.  65,  half- vol.  iii. 
•  See  the  Author's  Text-Booh  on  Steam  and  Steam  Engines  for  a  descrip- 
tion of  Watt's  engines.     Also  Ijeoture  XIX.,  Volume  I.,  of  this  bqok  for 
an  illustrsvtion  of  same, 
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nected  to  the  throttle  valve  of  the  engine.  The  vertical  spindle 
may  be  driven  by  the  engine  by  means  of  a  belt  or  rope  passing 
round  a  pulley  keyed  on  it,  or  by  bevel  wheels,  as  shown  at 
B  W.  In  order  to  relieve  the  pin,  P,  the  arms  are  driven  by 
the  guides,  G  G,  which  are  fixed  to  the  vertical  spindle. 

Action  of  Watt's  Governor. — The  governor  is  so  adjusted,  that 
when  the  engine  is  working  at  its  normal  speed,  the  balls  rotate 


F-m 


BC 

ToThwHteYalit 

i 


Watt's  Pendulum  Governor. 


at  a  certain  distance  from  the  vertical  spindle,  and  thus-  the 
throttle  valve  is  kept  sufficiently  open  to  maintain  that  speed. 
Should  the  load  be  decreased,  the  speed  of  the  engine,  and  there- 
fore that  of  the  governor  balls,  naturally  becomes  greater.  This 
causes  an  increase  of  the  centrifugal  force  of  the  balls,  and 
therefore  they  diverge  further,  thereby  pulling  down  the  sleeve. 
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and  partially  closing  the  throttle  valve,  which  diminishes  the 
supply  of  steam  and  the  power  developed  by  the  engine.  On 
the  other  hand,  should  the  load  be  increased  the  reverse  action 
takes  place,  the  balls  come  closer  together,  the  sleeve  is  raised, 
the  throttle  valve  opened  wider,  and  more  steam  admitted  to 
the  engine.  It  will  thus  be  seen  that  a  change  of  speed  must 
take  place  before  the  governor  begins  to  act ;  further,  that  for 
any  permanent  change  in  the  work  to  be  done,  there  is  a  per- 
manent alteration  of  speed.  For  each  particular  load  on  the 
engine,  the  throttle  valve  will  be  opened  by  a  definite  amount, 
which  will  be  different  for  different  loads,  and  each  position  of 
the  valve  has  a  corresponding  position  of  the  governor  balls. 
But,  as  will  be  shown  further  on,  each  position  of  the  balls 
corresponds  to  a  definite  speed,  so  that  there  wUl  be  a  particular 
speed  for  each  different  load. 
Theory  of  Watt's  Govemor — Conical  Pendulum.— Let  the  balls 


Thbort  of  Watt's  Governor. 

be  rotating  about  the  vertical  spindle  with  a  uniform  velocity. 
Then  the  several  forces  acting  on  the  different  parts  of  the 
instrument  are  in  equilibrium  with  each  other.  The  arms,  A, 
will  describe  the  surface  of  a  cone,  B  P  B,  whose  height  is 
F  0,  and  for  a  given  velocity  of  the  balls  there  will  be  a  definite 


s 
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height  of  this  cone.     It  will  be  sufficient  to  consider  one  ball 
and  arm,  since  what  is  true  for  one  will  be  true  for  the  other. 

Let  w  =  Weight  of  one  ball  in  lbs. 
„     V  =  Velocity  of  balls  in  feet  per  second. 
„     h  =  Height,  PO,  of  cone  in/eet. 
„      I  =  Slant  height,  PB,  of  cone  in  feet. 
„     r  =  Radius,  B  0,  of  base  of  cone  in  feet. 
„    T  =  Tension  in  one  arm,  A. 

There  are  three  forces  acting  on  the  ball,  B,  viz. : — 

The  weight,  w,  of  the  ball  acting  vertically  downward. 
The  centrifugal  force,   wv'  -i-  g  r,  acting  in  its  plane  of 
rotation,  and  in  the  direction  C  B. 

(3)  The  tension  in  the  arm.  A,  acting  in  the  direction  B  P. 

These  three  forces  keep  the  ball  in  equilibrium,  and  can, 
therefore,  be  represented,  in  magnitude  and  direction,  by  the 
three  sides  of  a  triangle  taken  in  order.  If  we  draw  a  triangle, 
having  its  sides  parallel  or  perpendicular  to  the  directions  of 
these  forces,  the  lengths  of  the  sides  of  this  triangle  will  be 
proportional  to  the  forces  respectively.  Now,  such  a  triangle 
exists  in  the  figure  itself — viz.,  the  triangle  P  0  B — the  sides  of 
which  are  parallel  to  the  three  forces  : — 

Hence,  h  :  r  =  w  : =  1  :  — . 

gr  gr 

h  =  — S-,  and—  =  -/-. 
'"  w       ^  g 

If  <  =  time  in  seconds  of  one  complete  revolution  of  balls, 
n  =  number  of  revolutions  per  second, 

Then,  tv  =  2  r  r,  and  m  =  -. 

t 

Substituting  these  in  the  previous  equation  we  get  the 
following  important  formulae : — 


V        ^^g■ 


(I) 


That  is,  the  period  of  rotation  is  proportional  to  the  square  root  of 
the  height  of  the  cone. 


Also, 


'»=t=t;^Vi ("> 
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Or,  if  N  be  the  number  of  revolutions  per  minute  =  60  n, 

Then.  N=^^|. („,) 

That  ia,  the  number  of  revolutions,  or  the  speed  of  the  engine 
or  governor,  varies  inversely  as  the  square  root  of  the  height  of 
the  cone. 

Equation  (IIo)  may  be  written  in  this  useful  form  : — 

^       302  ff      1        2936,    ,  ,„, 

*  =  ~^  "^  N2  =  'W  *^^®*-     •     •     ^^^^^ 

Or,  the  height  of  the  cone  depends  only  on  the  speed  of  rotation, 
and  varies  inversely  as  the  square  of  the  number  of  revolutions. 

Let  the  speed  of  the  governor  be  altered  from  Nj  to  Nj 
revolutions  per  minute,  then  the  heights  of  the  cone  corre- 
sponding to  these  speeds  are  : — 

2936  2936 

Therefore,  for  a  change  of  speed  from  Nj  to  N2  revolutions  per 
minute  the  height  of  the  cone  will  be  altered  by  the  amount : — 

J.        J,        OQqfi/'l  ^       2936  (N^^N;) 

If,  however,  the  height  of  the  governor  be  kept  constant,  and 

equal  to  A  =    „  -Jj,  the  centrifugal  force  will  change  from  — - 

,     wd  .         wrir^N?  ,     wrv^'Sl         ,   ,,       ,.„  .„ 

to ,  or  from      ^nn to  — nr^ 1  and  the  difference  will 

gr'  900 g  900 g   ' 

produce  a  tension,  or  a  thrust,  in  the  links  L  L.     If  Tj  be  the 

tension,  or  thrust,  in  one  link  L;  I,  l^,  l^  the  lengths  of  BP, 

ED,  PEj  and  6,  tfj,  i^theiv  inclinations  to  the  vertical,  then 

by  taking  moments  about  P,  we  have  : — 

T,  X  L,  cos  (Oi  +  tf,  -  90)  =  1^'  (N«^  NJ)  x  h, 

'  2       900^2^  sin  (tfi  +  tfj)* 

Now,  the  vertical  force  acting  on  the  sleeve,  which  is  avail- 
able for  overcoming  friction,  and  may  be  called  the  working 
effort  for  that  change  of  speed,  is  the  vertical  components  of 


watt's  goveenoe.  407 

the  stresses  in  the  two  links  L  L.      These  two   stresses  are 
equal. 

.*.   The  working  effort  =  2  Tg  cos  6^ 

_  wr-!fih{'!^l'^W^  cos  ^1 

"       ~  450  l^g  ""  sin  (tfj  +  ^ 

«'»-,r2^(N§^N?)cosOi 

»  "       "  450^2^  sin  (^1  +  6^ 

_  2t</rcostfi(Nl^N;) 
"      ~      ^2sm(^i  +  6^)'^l ^      ' 

It  is  usual  for  P  E  and  E  H  to  be  made  equal  in  length,  and 
then  (!j  =  6^  nearly,  unless  H  K  be  great.     In  that  case  : — 


The  working  effort  = 


2wr cos  i^Q^lr^lSf) 


Or. 


Zj  sin  2  6^  NJ 

«;A-(Ni 

-NJ)           \ 

ZgSin 

^2^! 

wlsai 

<'(N1^N?)     1 

h  sin  ^2  N? 

If,  further,  6=&^,  which  will  always  be  the  case  when  the  sleeve 
is  attached  to  the  arm  below  the  point  of  suspension,  as  in  the 
next  form  of  governor,  then : — 


The  working  effort  =         \  V^       Q^b) 

On  Wj 


It  should  be  noted,  however,  that  this  is  the  effort  exerted 
by  the  governor  when  it  is  just  starting  to  move.  The  working 
effort  becomes  smaller  and  smaller  as  the  balls  rise,  until,  when 
the  balls  have  attained  the  position  corresponding  to  the  new 
speed,  it  is  nil. 

The  movement  of  the  sleeve,  corresponding  to  an  alteration 
in  the  height  of  the  cone,  is  best  determined  graphically  by 
drawiig  the  centre  lines  of  the  arms  and  links  to  scale  for 
different  positions  of  the  balls. 

Example  I. — Find  the  rise  of  the  balls  of  a  pendulum  gov- 
ernor, when  its  speed  is  increased  from  60  to  62  revolutions 
per  minute.  Find  also  the  height  of  the  cone  of  revolution 
at  the  lower  speed,  and  the  working  effort,  if  the  balls  weigh 
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suspended  from  pins  placed  on  the  opposite  sides  of  the  spindle 
to  that  of  their  balls.  From  an  inspection  of  the  figure,  it  will 
be  apparent  that  crossing  the  arms  in  this  manner  causes  a 
greater  movement  of  the  sleeve  for  a  given  variation  in  the 
height  than  in  the  pendulum  governor.  The  rise  of  the  balls  in 
this  case  is  : — 

C  C  =  P  0  -  P'  0'  +  P  P'  =  (^1  -  Aj)  +  P  P'. 

The  sensitiveness  of  this  governor  is  therefore  much  greater 
than  either  of  the  two  previous  forms.     By  properly  propor- 


Crossbd-Arm  Governor. 

tioning  the  lengths  of  the  arms  and  N  M,  so  that  the  balls  move 
out  and  in,  along  a  curve  which  is  approximately  a  parabola, 
this  governor  may  be  made  almost  isochronous,  and,  therefore, 
extremely  sensitive.*    It  will  be  noticed,  that  the  sleeve  of  the 

*  A  governor  is  said  to  be  iaochronous  when  its  speed  of  rotation  (and, 
therefore,  the  height  of  the  cone)  is  the  same  for  all  positions  of  the  balls 
within  its  range. 


PABABOLIC   GOVEENOES. 
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governor  shown,  has  a  circular  rack  0  R,  which  gears  with  a 
pinion  on  the  throttle  valve  spindle. 

Parabolic  Governors.* — Governors  have  been  so  constructed 
that  their  balls  were  guided  to  move  in  a  truly  parabolic  path, 
and  thus  be  absolutely  isochronous,  but  owing  to  their  com- 
plication they  have  not  come  into  general  use.  With  any 
centrifugal  governor,  the  speed  must  increase  somewhat  before 


OS 


the  extra   centrifugal  force  is  able   to 


overcome  the  friction  resisting  the 
motion  of  the  links,  sleeve,  valve,  <fcc., 
and  if  it  be  absolutely  isochronous, 
whenever  the  friction  is  overcome  the 
balls  would  rise  right  up  to  the  top 
of  their  range,  and  remain  there  until 
the  speed  has  fallen  sufficiently  for 
gravity  to  reas.'^ert  itself  and  overcome 
the  friction,  which  would  now  tend  to 
keep  the  balls  up.  They  would  then 
come  down  to  the  bottom  of  their  range, 
and  there  would  thus  be  continual 
hunting.  Such  a  governor  would  there- 
fore be  wanting  in  stability  or  steadi- 
ness. 

Galloway's  Parabolic  Governor From 

the  illustration  it  will  be  seen,  that  in 
this  type  two  cylindrical  rollers  take 
the  place  of  the  ordinary  balls  in  the 
previously  mentioned  governors.  These 
rollers  are  suspended  at  each  end  by 
links  from  a  crosshead  fixed  to  the  top 
of  the  governor  spindle,  and  naturally 
rise  and  fall  in  circular  arcs  with  these 
links  as  radii.  They  move  along  para- 
bolic slots  out  in  a  weight  W,  which 
rotates  with  the  spindle,  but  is  free  to 
rise  and  fall  along  the  same.  By  this 
arrangement,  the  moment  of  the  centri- 
fugal force  of  the  rollers  is  balanced  by  that  of  the  weight  at 
nearly  the  same  speed  for  all  positions.  Hence,  this  governor 
may  be  considered  practically  insoohronous.  To  the  bottom  of 
the  slotted  weight  there  is  sometimes  attached  a  sleeve  termi- 

*  See  the  Appendix  to  The  Steam  Engine,  by  Prof.  Eankine  (Chas. 
Griffin  &  Co.),  and  Chapter  XV.  of  Practical  Treatise  on  the  Steam 
Engine,  by  Arthur  Rigg  (E.  &  F.  Spon),  for  descriptions  of  guided 
parabolic  governors. 


Loaded  Parabolic 

goveenok, 
Bi  Galloways,  Ld. 
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nating  in  a  collar,  which  engages  the  forked  lever  connected 
to  the  throttle  valve,  or  expansion  gear;  but  in  this  case,  a 
central  spindle  C  S,  which  is  carried  up  inside  the  main  governor 
spindle,  rises  and  falls  with  the  weight  W,  and  acts  directly  on 
an  equilibrium  valve.  The  governor  is  driven  through  gearing 
contained  in  the  cast-iron  box  seen  at  the  foot  of  the  vertical 
column. 

Porter's  Loaded  Govemor. — From  equation  (IV)  and  Ex- 
ample I.  we  see  that  the  simple 
pendulum  governors  possess  a 
comparatively  small  working 
eflTort,  unless  the  balls  are  very 
heavy.  To  overcome  this  objec- 
tion Porter  made  the  balls 
smaller,  and  loaded  the  sleeve 
with  a  heavy  weight.  This  in- 
creases the  height  of  the  cone, 
corresponding  to  any  particular 
speed,  and  all  the  forces  con- 
cerned, and  thus  gives  a  greater 
working  effort.  It  can  be  used 
both  in  connection  with  throttle 
valves  and  some  forms  of  ex- 
pansion gear.  To  minimise  the 
oscillations  of  the  ordinary 
Porter  governor,  Messrs.  Clayton 
&  Shuttleworth  have  made  a 
cylindrical  hole  in  the  top  of 
the  central  weight,  and  fixed  a 
piston  on  the  vertical  spindle, 
thus  forming  a  simple  air  cushion. 

Theory  of  the  Porter  Govemor. 
— Each  of  the  balls  is  in  equi- 
librium under  the  action  of  four 
forces  acting  in  a  plane  passing 
through  the  axis  of  rotation. 
These  forces  are: — (1)  the  weight 
of  the  ball  w,  (2)  the  centrifugal 
force  wv^-^gr,  and  (3)  the  tensions  in  the  two  links,  Tj  and  Tj. 
Let  A  B  C  D  A  be  a  polygon  representing  these  forces,  A  B 
being  parallel  and  equal  to  Tj,  B  C  to  m»,  0  D  to  T^,  and  D  A 
to  the  centrifugal  force.  If  BO  be  produced  to  meet  A D 
in  E,  then  0  E  is  equal  to  the  vertical  component  of  Tj,  and 
must  therefore  be  equal  to  half  the  load  W,  since  this  weight 
is  supported  by  the  vertical  components  of  the  tensions  in  the 
two  bottom  links. 


Porter  Loaded  Goveenor, 
BY  Tanoyes,  Limited. 


POETERS  LOADED  GOVERNOR. 
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POETBR  GOVXBNOR,   BY  ClATTON  &  ShUTTLEWORTH. 

P^ ^.  B 


AOnON  OV  THB  PORTBR  GOTBRHOB. 
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If  the  inclination  of  the  links  B  P,  B  H  to  the  vertical,  be  i^ 
and  ^2  respectively,  and  the  heights  C  P,  CD  be  denoted  by 
h  and  k,  then,  the  other  letters  being  the  same  as  before,  we 
have : — 

Tj  sin  ^1  +  Tg  sin  6^  = ^• 

i  1  •'      '  i  cos  tfj 

And,  Ta  cos  tf^  =  |  W,        or  T^  =  ^^. 

w  +  iW  .    ,        iW    .    ,       wi^ 

.•.  -. —  sin  i,  +  -^ — J  sm  L  =  —  . 

cos  tfj  »       cos  ^2         ^       g-  r 

T  T 

But,          tan  tfj  =  -T ;         tan  ^2  =  J  >  ^J^*^  **  =  2  cr  r «. 
(«'+iW)^  +  ^W^  =  ^^^ . 

Or,  («'+iW)j t_. 


Hence,  h  =     ^^'^^^^^ 


^'^ri'wk  -  Wg 


^      .  N  ^       450(2M/  +  W)crA 

Or,  since  n  =  gg.  A  =  ^n»«, /f  -  450 Wff; 


(V) 


This  governor  is  usually  constructed  with  all  four  links  of 
equal  length;  then  A  =  A,  and  i^  =  i^  =  i,  very  nearly,  unless  the 
distance  HK  is  great,  and  in  our  further  investigations  we 
shall  assume  that  this  is  so. 

In  this  case  we  have : — 


T.sintf  +  To  sin  ^=  . 

1  2  gr 


T,  cos  tf  =  w  +  i  W,  or  T,  =  (i^jLi^ 
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And,  Tjcostf  =  i  W,  orT,  =  L^ 

(«?  +  J  W)  tan  «  +  I  W  tan  tf  =  — -. 


9^ 

h 

V 

Hence,        {w  +  W)  r  = 


But,  tan  i  =  r  and  «  =  2  crrn. 


A  = 


gr 
«;  +  W 


r»  *  _  f"  +  '^     900 ff  _  ur  +  W     2936  I 


(VI) 


We  might  also  have  arrived  at  this  result  by  putting  h  for  h 
in  equation  (V). 

If  the  speed  of  rotation  change  from  Nj^  to  Ng  revolutions 
per  minute,  the  corresponding  heights  of  the  governor  will  be : — 

to  +  W      900sr  ^,        w  +  W      900y 

The  alteration  in  the  height  of  the  cone  of  revolution  would 
therefore  be : — 

A      h      «/  + w  „  900flr^/N|^N;^-t 

h^^h^  =  —,r- ""  ^?-  "^  vww) 


Or,  Ai^/j,  =  2936  "i^;— (^    nJN|  ) 


(VII) 


With  the  arrangement  of  links  usually  adopted  in  this 
governor,  the  travel  of  the  sleeve  is  twice  the  change  in  the 
height  of  the  balls  and  equal  to  2  (A^  ."w  h^). 

Using  the  simpler  equation  (VI)  we  see  that: — 

^  =  -9007-  -  «'• 

And,  therefore,  if  the  speed  alter  from  Nj  to  N^  revolutions 
per  minute,  the  load  necessary  to  keep  the  height  of  the  cone 

,      ,   /     «7  +  W      900flr\      .„   , 
constant,  and  equal  to  «,  (  = x    »  ..,  1,  will  change  from — ■ 
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But  if  the  actual  load  be  W,  the  difference  W  ~  W  is  avail- 
able for  overcoming  friction  and  moving  the  valve.  This  may 
be  called  the  working  effort  for  that  change  in  speed,  and  is 
equal  to : — 


„     w  +  W       900  o 
'^  w X     „^', 


Or,     W  (-W  W  = 


^.(N?-Nf) 


900^ 


W  ^  W  =  (H/  +  W)  "'^     ' (VIII) 

Example  II. — The  balls  of  a  Porter  governor  weigh  4  lbs. 
each,  and  the  central  weight  36  lbs.  If  all  the  links  are  of 
equal  length,  find  the  height  of  the  governor  when  revolving 
240  times  per  minute.  If  the  speed  increase  to  248  revolutions 
per  minute  what  will  be  the  working  effort  and  the  rise  of  the 
balls  and  the  sleeve  % 


Here,  S^  =  240 ;  N^  =  248 ; 

w  =  4;  andW  =  36. 

From  equation  (VI),         h^  = 

w  +  W       2936 

Or,                                     Ai  = 

4  +  36           2936 

4       ""  240  X  240' 

h,  = 

■51  foot  or  6-12  inches. 

From  equation  (YIII), ) 
The  working  effort,      J        "" 

(w  +  W)-i^5— \ 

»                  fj                    ~ 

,,    .   ,^,  248=  -  240' 
(4  +  36)        2^Qs       , 

2-71  lbs. 

And  from  equation  1  w  +  W/NI  -  Nf\ 

(VII),  1^  -  A2  =  2936  —^  1,-NfNr/' 

r>  7.        J.        0QQ«       4  +  36       248=       240' 

Or,  h-K=  2936  v  _^_  x  ^^q,  ^  g^gy 

hy-  h2=  '0324  foot  or  -SBQ  inch. 
TroAiel  of  sleeve  =  2  (Aj  -  A^)  =  2  x  -389, 
=  -778  inch. 
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On  comparing  these  results  with  those  of  Example  I.,  it  will 
be  noticed  that  while  both  governors  weigh  about  the  same, 
the  loaded  governor  has  a  working  effort  of  about  20  per  cent, 
greater  than  that  of  the  Watt  governor,  but  its  travel  and 
height  are  less.  It  will  also  be  seen  from  equations  (III)  and 
(VII),  by  putting  Nj  =  cNj,  where  c  is  a  constant,  that  the 
change  in  height  corresponding  to  a  given  percentage  variation 
in  speed  gets  smaller  as  the  speed  increases. 

Spring  Loaded  Governors. — Soon  after  the  introduction  of  the 
Porter  governor,  Mr.  John  Richardson,  of  Messrs.  Robey  &  Co., 
Lincoln,  designed  one  in  1869,  in  which  a  spring  was  substituted 
for  the  weight.  This  improvement  produces  a  greater  working 
effort  with  less  weight,  bulk,  and  cost.  A  spring  has  less  inertia, 
and  acts  much  more  quickly  than  a  weight,  and  it  has  also  a 
certain  amount  of  cushioning  action.  A  governor  loaded  with  a 
spring  can  act  in  any  position,  whereas  one  with  a  weight  must 
work  vertically.  The  equations  for  a  spring  governor  may  be 
obtained  in  the  same  way  as  for  the  weighted  governor,  but  the 
load  W  will  be  different  for  different  positions  of  the  balls, 
owing  to  the  varying  compression  of  the  spring. 

Proell  and  Hartnell's  Spring  Governors.* — The  first  of  the 
two  following  figures  illustrates  the  well-known  Proell  spring 
governor.  It  will  be  observed  that  a  helical  spring,  contained 
in  a  cylindrical  case,  surrounds  the  governor  spindle,  and  bears 
upon  the  inner  ends  of  the  two  bell  crank  levers,  which  are  con- 
nected to  the  arms  carrying  the  governor  balls.  The  dotted 
lines  show  the  positions  of  the  balls  for  a  speed  above  the 
normal.  As  they  move  out  to  this  position  the  spring  is  com- 
pressed and  the  sleeve  is  raised.  It  will  further  be  noticed  that 
the  links  are  so  proportioned  that  the  balls  diverge  in  nearly  a 
straight  line.  Consequently,  when  working  vertically,  the  balls 
do  not  move  either  with  or  against  gravity. 

It  will  be  observed  that  there  are  no  less  than  three  pin  joints 
on  each  side  of  the  Proell  governor  above  the  sleeve,  at  each  of 
which  there  must  be  friction.  In  Hartnell's  governor,  illustrated 
by  the  next  figure,  there  is  but  one.f 

Here,  the  governor  balls  are  fixed  directly  to  the  outer  ends 
of  the  bell  crank  levers,  the  inner  ends  of  which  bear  upon  a 
collar  on  the  upper  end  of  the   movable  tube  or  sleeve,  M  S. 

*  The  figure  of  Proell's  governor  is  from  The  Proc.  Inst.  O.E.,  vol.  oxx.. 
Session  1895-96,  by  kind  permission  of  the  Council,  from  a  paper  read 
by  John  Richardson,  M.Inst.G.E.,  on  "The  Mechanical  and  Electrical 
Begulation  of  Steam  Engines,"  which  the  student  should  consult. 

tSee  Lecture  XVIII.  of  the  Author's  Text-Book  on  Steam  and  Steam 
Engines  for  a  description  of  an  engine  to  which  this  governor  is  applied. 
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Proell's  Spbino  Goveenob. 


Haktnbll's  Spbino  Govbenor,  by  Mabshail,  Sons  *  Oo.,  Ltd, 
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Between  the  top  of  this  collar  and  the  upper  end  of  the  hollow 
casting  H  0,  which  is  keyed  to  the  top  of  the  governor  spindle, 
there  is  placed  a  strong  helical  spring.  The  lower  end  of  M  S  has 
a  double  collar  engaged  by  a  forked  lever,  connected  to  the  drag 
link  D  L,  and  expansion  valve  rod. 

Pickering  Governor.  —  A  very  simple  and  direct  acting 
governor  which  has  been  introduced  for  small  electric  light 
engines  is  shown  by  the  next  figure.  Here  the  balls  are 
supported  by  flat  springs,  which  act  directly  on  the  throttle- 
valve  spindle.     There  is  also  an  auxiliary  spring,  as  seen  just 


Pickering  Govbenob,  by  Tanotes,  Ltd. 

below  the  driving  spindle,  actuated  by  a  thumb  screw  and  worm 
wheel,  which  enables  the  attendant  to  adjust  the  speed  of  the 
engine  whilst  running. 

Willans'  Spring  Governor.* — In  the  previous  cases,  the  pressure 
of  the  spring  has  to  be  transmitted  through  the  pin  joints  of  the 

*  For  a  description  of  Willans'  central- valve  triple  expansion  engine,  to 
which  this  governor  is  fitted,  see  the  Author's  Text-Book  on  Steam  and  the 
Steam  Engine. 
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governor  arms,  and 
thereby  causes  more 
friction  and  wear 
and  tear  than  would 
be  the  case  if  the 
springs  were  directly- 
connected  to  the 
balls.  In  Willans' 
governor,  as  will  be 
seen  from  the  figure, 
the  balls  are  con- 
nected directly  by  a 
helical  spring  A,  on 
each  side  of  the  gov- 
ernor spindle.  An- 
other spring  F,  is 
clamped  at  its  upper 
end  to  the  throttle- 
valve  spindle  G,  and 
hooked  at  its  lower 
end  to  the  bracket 
carrying  the  bell 
crank  lever  E.  This 
spring  pulls  the 
valve  rod  down- 
wards, in  opposition 
to  the  springs  A, 
and  thus  pushes  the 
sleeve  against  the 
toes  N  N  (shown 
dotted),  of  the  gov- 
ernor arms.  By  ad- 
justing the  tension 
in  F,  by  the  nut  M, 
the  governor  can  be 
set  to  the  required 
speed  while  the  en- 
gine is  running.  It 
will  be  noticed  that 
this  governor  works 
horizontally,  and  is 
driven  directly  by 
one  end  of  the 
shaft. 


TO   STOP  VAIVI 
SEPARATOR 
AND    BOILER 


CBANK  CHAMBER 


Willans'  Bpbing  Loaded  Govbbnob. 
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Governing  by  Throttling  and  Variable  Expansion.— Prior  to 
1876,  governors  generally  controlled  steam  engines  by  actuating 
a  butterfly  throttle  valve  of  the  form  shown  in  the  figure.  This 
valve,  although  simple  in  construction,  is  difficult  to  fit  so  as  to 
remain  steam  tight,  and  hence  the  double-beat  valve  shown  in 


Throttle  Valvi. 


next  illustration,  or  still  better,  a  grating  piston  valve  like  that 
shown  attached  to  the  Willans'  governor,  has  been  adopted  in 
preference.  The  ordinary  butterfly  throttle  valve  is  not,  as  at 
one  time  supposed,  a  balanced  valve,  since  the  action  of  a  fluid 
rushing  past  an  oblique  plane  is  such,  as  to  cause  a  greater 

pressure  on  the  forward  edge 
and  thus  tend  to  close  the 
valve.  A  good  throttle  valve 
should  be  able  to  entirely  stop 
the  admission  of  steam  to  the 
cylinder. 

Recently,  many  patents 
have  been  taken  out  for  con- 
trolling the  speed  of  an  engine 
by  altering  the  point  of  cut-off. 
In  most  cases,  this  enables  the 
engine  to  work  more  economi- 
cally ;  but  as  shown  by  Cap- 
tain Sankey  in  his  paper  on 
Double-Beat  Valve.  "Governing  of  Steam  Engines 

by  Throttling  and  by  Variable 
Expansion"  (read  before  the  Institute  of  Mechanical  Engineers,  in 
April,  1895),  the  indicator  diagrams  obtained  from  engines  governed 
by  this  method  are  often  "  cloaks  for  exaggerated  initial  con- 
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densation,"  and  it  may  be  found  that  the  actual  feed  water  used, 
is  less  with  ordinary  throttling  than  with  variable  expansion. 
Throttling  the  steam  varies  the  amount  supplied  by  varying 
the  pressure,  while  the  volume  used  remains  constant.  On 
the  other  hand,  automatic  expansion  supplies  the  steam  at  a 
constant  pressure  but  alters  the  volume  used  per  stroke. 

The  point  of  cut-off  may  be  controlled  either  by  means  of  a 
separate  expansion  valve,  or  by  acting  directly  on  the  main 
valve  or  valves.  In  the  first  case,  there  are  two  eccentrics 
which  work  the  main  and  the  expansion  valves.  As  will  be 
seen  from  the  illustrations  of  the  Hartnell,  and  Clayton  & 
Shuttleworth's  governors,  the  stroke  of  the  expansion  valve 
is  altered  by  a  drag  link  and  a  block  connected  to  the  governor 
sleeve.  In  the  second  case,  when  a  slide  valve  is  used,  either 
the  throw  or  the  position  of  the  main  eccentric  is  varied  by  a 
shaft  governor,  and  no  second  eccentric  is  required.  With  "  trip 
gear  "  the  governor  automatically  releases  the  admission  valves 
sooner  or  later,  according  to  the  load  on  the  engine.* 

Shaft  Governors. — A  large  number  of  these  have  been  designed, 
but  the  following  illustrations  will  serve  to  show  their  general 
principle  and  action.  A  circular  casting  is  keyed  to  the  crank 
shaft,  and  carries  on  one  side  a  pair  of  symmetrically  arranged 
weights  jointed  thereto  at  one  end,  but  whose  other  ends  are 
free  to  move  in  a  plane  perpendicular  to  the  shaft  against  the 
resistance  of  the  interposed  helical  springs.  On  the  other  side 
of  this  casting  there  is  fixed  a  pair  of  straps  embracing  a  cir- 
cular disc  carrying  the  eccentric  which  works  the  valve.  The 
centre  of  this  disc  is  some  distance  from  the  centre  of  the 
shaft  and  that  of  the  eccentric.  The  governor  weights  have 
bosses  which  pass  through  slots  in  the  circular  casting,  and 
are  connected  by  links  to  studs  on  the  disc.  In  moving  out- 
wards by  centrifugal  force,  these  weights  compress  the  springs 
and  rotate  the  disc,  thus  changing  the  position  of  the  eccentric, 
and  varying  the  cut-off  of  the  slide  valve. 

Relays,  t — Except  in  the  case  of  "  trip  gear,"  the  effort  required 
to  work  the  throttle  valve,  or  expansion  gear,  may  be  consider- 
able, and  can  only  be  satisfactorily  supplied  by  a  relay — that  is, 
by  making  the  engine  itself,  or  steam  from  the  boiler,  or  water 
pressure,  or  electro-magnetic  mechanism,  move  the  valve,  while 

*  See  Index  for  page  in  the  Author's  Text-Book  on  Steam  and  Steam 
Engines  tor  illustrations. 

tSee  Engineering,  Ist  January,  1886,  p.  4,  for  a  description  of  Liides 
steam  relay  governor.  Also  "Kegulation  of  Steam  Engines,"  by  John 
Bichardson,  Proc.  Inst.  O.E.,  vol.  oxx.,  1895,  Part  EI.,  for  description 
and  discussion  on  electrical  and  other  relays  for  governors. 
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Front  View. 


Back  View. 

Automatic  Expansioh  Shaft  Governor, 
BY  Messrs.  Ransoms,  Sims  &  Jeffbribs,  LiD. 
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Shaft  Govbenok  Applied  to  a  Hioe-sfbbd  Eleotrio 
Light  Enoine. 


SHAFT   GOVEENOES. 
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the  governor  has  simply  to  control  the  relay.  In  most  relays 
that  have  been  used  for  governing,  the  governor  starts  '  the 
relay,  and  then  the  latter  goes  on  without  any  control,  until  the 
position  of  the  governor  is  altered,  and  it  is  set  into  motion  in 
the  opposite  direction.  All  such  relays  necessarily  have  the 
fault  of  hunting,  but  this  is  not  so  for  one  of  the  steering-gear 
type.  The  governor,  as  it  were,  informs  such  a  relay  when  to 
move  and  how  far,  and  the  extent  of  the  change  in  the  height  of 
the  governor  cone  determines  the  travel  of  the  relay. 


GOVEBNOB   WITH  KeLAT  POE  COMPOUND  AND   TeIPLB  EXPANSION 

Engines,  by  Davby,  Paxman  &  Co. 

The  steam  relay  shown  is  applied  by  Messrs.  Davey,  Paxman 
&  Co.  to  compound  and  triple  expansion  engines.  The  weigh- 
shaft  W,  which  works  the  expansion  gears  of  all  the  cylinders, 
is  connected  with  the  piston  of  the  small  relay  cylinder  0.  The 
relay  valve  E.  Y,  which  admits  steam  to  this  cylinder,  is  worked 
by  the  floating  lever  L,  and  allows  steam  to  enter  at  its  middle 
and  exhaust  at  its  ends.  The  lower  end  of  the  floating  lever 
is  attached  at  L,  to  the  crosshead  of  the  relay  piston  rod,  and  its 
upper  end  through  the  links  K,  <fec.,  to  the  governor  sleeve, 
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while  the  small  piston  valve  of  the  relay  is  connected  to  an 
intermediate  point.  It  will  thus  be  seen  that  when  the  governor 
balls  rise,  K,  V  will  move  to  the  left,  and  so  admit  steam  to  the 
left  of  the  relay  piston.  This  forces  the  piston  inwards,  and 
pushes  the  eccentric-rod  end  of  the  drag  link  further  from  the 
block  attached  to  the  engine  valve  rod,  and  therefore  reduces 
the  travel  of  the  valve  and  the  power  of  the  engine.  In  addition, 
as  the  relay  piston  moves  one  way  or  the  other,  it  rotates  the 
floating  lever  L,  about  its  upper  end,  and  brings  E,  V  back  to 
its  mid  positictn,  and  so  automatically  comes  to  rest.  By  this 
means,  the  relay  piston  and  main  slide  valves  are  made  to  follow 
all  the  motions  of  the  governor,  and  the  amount  of  the  motion 
of  the  relay  piston  will  depend  on  the  change  in  the  height  of 
the  balls.  The  governor  itself  has  very  little  work  to  do,  since 
it  has  only  to  move  the  small  valve  RV.  By  means  of  the 
weigh  shaft  W,  and  levers  attached  to  it  the  valve  rods  of  aU 
the  cylinders  are  moved  simultaneously,  in  the  same  way  as  the 
one  shown.  Minor  adjustments  of  the  speed  may  be  made 
while  the  engine  is  running  by  altering  the  tension  in  the 
spring  S,  by  means  of  a  worm  and  worm  wheel  on  the  end  of 
the  spindle  H. 

Knowles'  Supplemental  Governor.* — Another  method  is  that 
invented  by  Knowles.  Here  two  governors  are  used,  a  large 
one  to  control  the  valve  in  the  ordinary  way,  and  a  smaller  one 
to  alter  the  length  of  the  i;od  connecting  the  first  one  to  the 
valve.  This  is  effected  by  fitting  two  friction  cones  to  the  sleeve 
of  the  smaller,  or  supplemental,  governor,  and  having  a  third 
between  them,  which  will  gear  with  one  or  other  if  the  governor 
rises  or  falls  by  more  than  a  prescribed  amount.  The  valve  rod 
is  in  two  parts,  having  a  right-  and  left-handed  screw  respectively 
at  their  adjacent  ends,  and  the  nut  which  joins  these  screws  is 
rotated  by  the  third  friction  cone.  This  governor  has  been  ex- 
tensively employed  in  spinning  mills,  where  the  fluctuations  in 
load  are  neither  great  nor  sudden,  but  where  the  speed  must 
remain  very  constant. 

Inertia  Governors,  t — For  small  gas  engines,  which  always 
receive  a  full  charge  of  gas  during  each  cycle  or  none  at  all,  a 
form  of  governor  known  as  the  inertia  governor,  has  been  found 
suitable.  In  the  one  first  illustrated,  the  gas  valve  is  opened 
by  a  valve  opener  V  0,  which  is  actuated  through  the  lever  L,  by 
the  cam  C,  fixed  on  the  side  shaft  S.  On  the  lower  end  of  the 
valve  opener  there  is  a  bell  crank  B  0,  engaging  a  slot  on  the 

*  See  the  Practical  Engineer,  vol.  v.,  p.  205,  March  27,  1891. 
+  See  Gas,  Oil,  and  Air  Engines,  by  Bryan  Donkin,  for  other  forms  of  gae 
engine  governors. 
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W. 


governor  weight 
Hxed  to  a  bracket  on 


The  weight  is  supported  by  a  spring 
the  lever  L.  As  the  lever  is  moved  up- 
wards, the  inertia  of  the  weight  W,  causes  it  to  lag  behind,  and 
thus  compress  the  spring,  but  the  latter  is  so  adjusted  that  as 
long  as  the  speed  does  not  eKceed  the  normal,  B  C  is  not  moved 
down  sufficiently  to  cause  VO  to  miss  the  gas  valve  spindle. 


Inertia  Goveenoe  for  Stookpoet  Gas  Enoinb. 
Index  to  Parts. 


C  for  Cam. 
S  „   Side  shaft. 
R  „   Roller. 
L  ,,   Lever. 
F  ,,   Fulcrum. 


B  for  Bracket. 
W  ,,   Inertia  weight. 
BC  „   Bell  crank. 
V  0  „   Valve  opener. 


If,  however,  the  speed  should  rise  above  the  normal,  the  inertia 
of  the  weight  is  sufficient  to  press  B  C  down  far  enough  to  cause 
V  O  to  pass  to  the  right  of  the  spindle,  and  then  no  gas  is  ad- 
mitted for  that  cycle.  As  the  direction  of  the  thrust  necessary 
to  open  the  valve  passes  through  the  centre  of  the  pin  supporting 
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Inbbtia  Governor  pob  Otto  Gas 

Engine. 


the  bell  crank  B  0,  it  is  received  direct  from  the  lever  L,  and 
does  not  aflfect  the  governor  weight  W. 

Another,  and  simpler  form  of  inertia  governor,  as  used  in  small 

Otto  gas  engines,  depends  for 
its  action  on  the  inertia  of  a 
small  weight  W,  and  adjust- 
ing weight  A  W.  The 
vibrating  arm  V  A,  is  driven 
by  the  link  L,  from  a  pin  on 
the  end  of  the  side  shaft  S  S, 
and  causes  the  valve  opener 
V  O,  and  the  weight  W,  to 
move  backwards  and  for- 
wards. The  centre  of  gravity 
of  the  weights  and  valve 
opener  being  to  the  right  of 
the  pin  P,  the  point  of  V  O 
is  pressed  against  the  flat  of 
the  gas  valve  spindle.  The 
effect  of  the  inertia  of  these 
weights  acts  below  P,  and 
therefore  tends  to  turn  V  0 
downwards  when  P  is  moved  to  the  left.  The  position  of  A  W 
is  so  regulated  by  the  adjusting  nuts  A  N,  that  when  the  speed 
exceeds  what  is  desired,  the  latter  tendency  will  predominate 
and  cause  the  end  of  V  O  to  pass  below  the  valve  spindle  and 
leave  the  valve  unopened. 

Thunderbolt's  Marine  Engine  Governor.  *_When  a  short  or  a 
lightly  loaded  screw-driven  steamship  encounters  heavy  weather 
with  "  head  seas,"  the  screw  propeller  frequently  rises  out  of 
the  water.  This  action  naturally  diminishes  its  resistance  to 
rotation,  since  the  screw  is  then  revolving  more  or  less  in  the 
air,  instead  of  in  the  denser  salt  water.  Consequently,  the 
engines  commence  to  "race,"  which  is  not  only  very  uncomfort- 
able to  passengers  and  crew,  but  may  also  be  dangerous  to  the 
machinery ;  for,  immediately  after  such  a  rise,  the  screw  will 
undoubtedly  be  as  suddenly  immersed  again  in  the  water,  thus 
alternately  subjecting  the  screw  shaft  and  other  moving  parts  to 
very  severe  stresses.  To  such  rough  usage  may  be  attributed  some 
of  the"delays,""breakdowns,"and  even  total  losses  of  steamships. 
Many  marine  engine  governors  have  been  devised  and  applied, 
with  more  or  less  success,  for  the  object  of  so  automatically 
adjusting  the  supply  of  steam  to  the  engines,  that  "racing" 
should  not  take  place.  As  far  as  we  are  aware,  one  of  the  most 
successful  of  these  governors,  which  has  lately  been  put  into 
•  See  Vol.  IV.  for  Application  of  Governors  to  Water  Motors  and  Turbines 
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extensive  daily  practice,  is  that  made  and  supplied  by  "The 
Thunderbolt  Governor  Coy.,  Ltd.,"  of  Middlesbrp'-on-Tees. 

General  Arrangement — As  will  be  seen  from  the  accompanying 
outside  view  (Fig.  1)  this  governor  consists  of— 


"??*^;, 


Index  to  Parts. 

Figs.  1,  2,  and  3. 

A  for  Air  Compressors. 

Pi.Ps 

,,  Copper  Pipes. 

R 

,,  Regulator. 

0 

„  Outlet  Port, 

Vi.Vj 

,,  Valves. 

TO 

„  Throttling  Cylinder. 

TR 

„  Throttle  Valve  Rod. 

G 

„  Gland  for  Vj  box. 

FR 

„  Fixed  Rod. 

OF 

„  Clamped  Fork. 

S 

„  Spindle. 

F 

„  Fulonim. 

B 

„  Ball  of  Pendulum. 

TS 

,,  Thumb  Screw. 

V3 

,,  Safety  Valve. 

EG 

,,  Emergency  Gear. 

-> 

, ,  Direction  Aft. 

Fio.  1.— Thunobrbolt's  Marinb 
Enoinb  Governor. 

Connected-up  for  Testing  Prior  to 
being  Fitted  on  Board  Ship. 
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1.  A  set  of  duplex  double-acting  air  compressors,  A,  driven 
by  rope,  belt,  or  wheel  gearing  from  the  main  screw  shaft. 

2.  An  automatic  regulator,  R,  actuated  by  a  heavy  pendulum 
ball,  B. 


Pro.  2. — Theottlino  Ctlindee. 


Fio.  3. — Reodlatob. 


3.  A  throttling   cylinder,  T  C,  whose   piston    is   connected 
through,  T  R,  to  the  main  steam-pipe  throttle  valve. 
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In  this  general  view,  these  parts  are  all  shown  connected 
together  and  fixed  to  one  of  the  vertical  columns  of  the  work- 
shop, where  they  are  made.  The  whole  is  just  ready  for  being 
tested  and  adjusted,  before  being  fitted  on  board  a  vessel.  A 
J-inch  copper  pipe,  Pj,  connects  the  air  compressors,  A,  with 
the  inlet  spring  piston  valve,  Vj,  for  its  cylinder,  TC;  and 
another  similar  pipe,  P^,  connects  the  regulator,  R,  also  with 
the  said  valve,  Vj. 

Action  of  the  Governor. — When  the  governor  is  in  action  and 
the  speed  of  the  main  engine  is  uniform,  the  compressed  air 
from  A  passes  freely  through  the  pipes,  Pj,  F^,  and  outlet 
port,  O  (see  Figs.  2  and  3  as  well  as  Fig.  1).  Now,  should 
the  stern  of  the  vessel  rise  out  of  the  water,  every  fore  and 
aft  fixture  in  the  vessel,  which  may  have  been  previously  level 
or  vertical,  is  thereby  inclined  to  its  normal  position.  But  the 
heavy  pendulum  with  its  ball,  B,  being  free  to  swing  from  its 
fulcrum,  F,  as  an  axis  of  motion,  tends  to  remain  in  a  vertical 
position  due  to  its  inertia.  This  naturally  raises  the  forwwrd 
conical  end  of  the  spindle,  S  (to  which  the  upper  forked  end 
of  the  pendulum  rod  is  attached),  and  lifts  the  valve,  Vj,  thus 
partially  or  whoUy  closing  the  outlet  port,  O.  The  air  from 
the  compressor  pump  is  consequently  prevented  from  escaping 
as  freely  as  before  by  the  outlet  port,  O.  The  pressure  of  the 
air  in  Pj  is  thereby  very  quickly  increased,  and  acting  at  once 
upon  the  piston  valve,  Vj,  against  the  reaction  of  its  spring, 
the  air  passes  up  to  and  raises  the  piston  of  the  cylinder,  T  C, 
against  the  downward  pressure  of  its  spiral  spring.  As  this 
piston  rises,  it  elevates  the  throttle  valve  rod,  T  R,  and  cuts 
off  the  steam  supply  from  the  main  engines.  The  speed  is 
automatically  prevented  from  increasing  to  a  dangerous  or  even 
inconvenient  degree.*  On  the  other  hand,  when  the  bow  of 
the  ship  rises  and  the  screw  is  thereby  suddenly  immersed,  pre- 
cisely the  opposite  action  takes  place.  The  heavy  pendulum 
with  its  ball,  B,  remains  vertical,  the  conical  end  of  S  is 
depressed  and  the  valve,  Vj,  uncovers  more  than  the  normal 
amount  of  the  outlet  port,  O.  The  air  pressure  in  Pj  and  on 
Vj  is  thus  reduced  below  the  normal,  and  the  spring  in  the 
cylinder,  C,  presses  down  its  piston,  which  lowers  T  R  and 
opens  the  main  steam-pipe  throttle  valve  to  the  full  extent ; 

*  In  the  case  of  compound,  triple,  or  quadruple  expansion  engines,  where 
the  steam  once  admitted  naturally  appues  its  force  throughout  the  several 
cylinders  placed  in  series,  then  this  governor  may  be  also  connected  to  an 
exhaust  throttle  valve,  as  well  as  to  the  steam  one. 
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thereby  tending  to  supply'  the  desired  quantity  and  pressure 
of  steam,  to  keep  the  engines  moving  at  as  uniform  a  rate  as 
possible,  under  these  erratic  circumstances. 

When  the  piston  of  the  throttling  cylinder,  TC,  descends, 
the  air  •which  it  contains,  escapes  freely  through  holes  in  the 
gland,  G. 

It  will  be  seen,  that  the  action  of  the  pendulum  causes  the 
throttle  valve  of  the  main  engines  to  synchronise,  with  the  up 
and  down  pitching  movements  cff  the  vessel  in  such  a  manner, 
as  to  supply  steam  in  proportion  to  the  resistance  offered  to 
her  screw.  Also,  the  quicker  the  change  in  speed  of  the 
engines,  the  quicker  will  be  the  alteration  in  the  air  pressure, 
as  the  compressors  are  driven  by  the  engines. 

With  "following  seas"  the  valve,  Vj,  should  be  so  adjusted 
by  the  thumb  screw,  T  S,  as  to  partly  close  the  outlet  port,  0, 
and  make  the  governor  act  more  like  a  stationary  or  standard 
speed  governor.  This  governor  can  be  rendered  more  or  less 
sensitive,  or  quick  in  its  action  (to  suit  different  lengths  and 
kinds  of  vessels,  when  running  light  or  loaded),  by  shifting  the 
fore  and  aft  position  of  the  fulcrum,  F,  with  the  suspended 
clamped  fork,  C  F,  along  the  fixed  rod,  F  R. 

Emergency  Gut-off. — Should  the  screw  shaft  break,  or  from 
any  other  cause  the  engines  "run  off,"  then,  the  sudden  and 
great  increase  of  air  pressure,  forces  out  a  small  safety  valve, 
Vj,  connected  directly  to  the  emergency  gear,  E  G,  which  falls 
and  thus  entirely  closes  the  outlet  port,  O.  The  pressure  of 
air  in,  T  0,  consequently  increases  and  keeps  its  piston  with  its 
throttle  valve  rod,  T  B,  fully  raised,  until  the  engineer  can 
close  the  main  boiler  stop  valve. 

General  Behaviowr.  —  From  reports  of  well-known  superin- 
tending and  chief  engineers  of  steamships  it  is  said,  that  the 
main  stop  valve  may  be  left  full  open,  whilst  encountering 
heavy  "  head  seas,"  when  this  governor  is  properly  applied  and 
worked,  for  it  has  been  well  designed  and  made. 

Thunderbolt's  Electric  Governor  Regulator. — The  same  firm 
make  an  "  Electric  Governor  Regulator,"  where  a  vertical 
electro-magnetic  solenoid,  takes  the  place  of  the  pendulum  in 
the  previously  described  marine  form.  The  terminals  of  this 
solenoid  are  connected  to  those  of  the  dynamo  or  switchboard. 
If  an  abnormal  rise  in  voltage  takes  place,  then  an  adjustable 
movable  iron  core  is  attracted  further  than  usual,  into  the  hollow 
cylindrical  centre  of  the  solenoid,  thus  raising  the  conical  end 
of  the  spindle,  S,  and  closing  the  throttle  valve  in  the  manner 
previously  described.  Should  the  voltage  fall  below  the  normal 
then  the  counter-spring  attached  to  the  upper  end  of  the  iron 
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core  agserts  itself  and  depresses  the  conical  end  of  S,  which 
naturally  opens  the  throttle  valve  and  gives  the  engines  more 
steam. 

"  Experiments  upon  the  Action  of  Engine-Governors,"* — 
Although  the  subject  is  admitted  to  be  of  great  importance, 
comparatively  few  experiments  have  been  made  on  engine- 
governing.  The  performances  of  different  governors  seem  to 
vary  so  widely,  that  it  is  by  no  means  easy  to  choose  the  type 
best  suited  to  an  engine  working  under  given  conditions.  With 
a  view,  therefore,  to  observe  in  closer  mechanical  detail  the 
behaviour  of  different  kinds  of  governors,  experiments  were 
made  at  Mason  College,  Birmingham,  under  the  superintendence 
of  Professor  E.  H.  Smith,  M.  Inst.  C.E.,  on  nine  governors  of 
different  types. 

From  speed-curves  and  other  data  connected  with  any  par- 
ticular governor  which  you  may  consider,  it  is  possible  to  obtain 
a  practical  measurement  of  those  quantities  which  are  mainly 
concerned  in  the  efficient  action  of  a  governor — viz.,  its  sensi- 
tiveness, its  controlling  force,  and  its 
controlling  energy.  These  quantities 
must  be  expressed  in  terms  of  some 
unit  of  speed-variation,  and  may  be 
referred  to  achange  of  speed  amounting 
to  1  per  cent,  of  the  mean  speed  for 
which  the  governor  is  designed. 

The  term  "sensitiveness"  will  be 
used  to  indicate  the  distance  in  inches 
through  which  the  sleeve  would  move 
in  either  direction  from  its  mean  posi- 
tion in  response  to  a  1  per  cent,  varia- 
tion of  s  peed,  if  there  were  no  frictional 
resistances  to  overcome,  and  when  no 
controlling  force  is  exerted. 

The  term  "controlling  force"  will 
be  used  to  indicate  the  force  which 
would  be  exerted  by  the  governor 
upon  the  controlling  gear,  if  the  given 
variation  of  speed  were  to  take  place  without  as  yet  producing 
any  motion  of  the  sleeve. 

*I  have  to  thank  Mr.  W.  G.  Hibbins,  A.M.Inst.C.E.,  the  author  of 
this  "Selected  Paper,"  and  the  Council  of  the  Institution  of  Civil  En- 
gineers for  their  kind  permission  to  make  the  following  extracts.  See 
Froc.  Inst.  G.E.,  vol.  cxxxvii.,  pp.  376  to  401,  of  1899,  for  the  complete 
paper.  These  detailed  experiments  will  form  a  useful  guide  to  students,  in 
any  similar  investigations  which  they  may  have  to  undertake.— A.  J. 

§  3q 


Fig.  1. — Peoell  Governob. 
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The  term  "  controlliDg  energy  "  will  be  used  to  indicate  the 
inch-pounds  of  work  that  would  be  done  by  the  sleeve,  if, 
starting  from  its  mean  position,  it  were  caused  to  travel  through 
a  distance  equal  to  the  sensitiveness,  first  upwards  and  back 
again,  then  downwards  and  back  again.  The  speed  during  each 
ascent  being  always  1  per  cent,  greater,  and  during  each  descent 
1  per  cent,  less,  than  the  speed  corresponding  to  the  momentary 
position  of  a  sleeve  working  without  friction.  Hence,  the  "  con- 
trolling energy "  is  very  nearly  the  same  quantity  as  the 
"  controlling  force,"  multiplied  by  four  times  the  distance  which 
represents  the  "  sensitiveness." 

Proell  Governor. — From  tests  of  this  governor  (Fig.  1),  the 
curves  shown  in  Fig.  2  were  obtained. 


■  REKQWItSliS   OF   TU£   .fiey£BimB    PER   HUMITB 

Fig.  2. — Speed-Cukvks  bob  Pkoell  Goveknob. 


The  following  are  details  of  this  type  : — 

Weight  of  each  ball, 

Unstrained  length  of  large  spring  of  the  I 
governor, j" 

Compressive  strength, 

Pitch  of  the  coils, 

Outside  diameter  of  coils 

Diameter  of  steel  of  which  the  spring  was  \ 


■{ 


4-8  lbs. 

7f  inches. 

120  lbs.  per  inch 
extension, 
g  inch. 
2§  inches. 

made  as  given  by  the  micrometer  gauge, .  /  ""  o  d  a  mc  . 

When  placed  in  the  governor,  the  length  of  the  spring  was 
5i|-  inches,  which  was  equivalent  to  a  pressure  of  232 '5  lbs.  on 
the  cap  with  the  governor  at  rest. 

Natural  length  of  small  regulating  spring,     =     7§  inches. 
Pitch  of  coils,    ......=       J  inch. 

Outside  diameter, =     If    ,> 

Diameter  of  its  steel,         .        .        .         .     =     0'177  inch. 
Mean  strength, =  16 '7  lbs.  per  inch. 
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With  the  slide-block  at  the  bottom  of  the  slide,  the  regulating 
spring  was  compressed  ^  inch,  when  the  governor  was  at  rest; 
the  pressure  then  exerted  is  12-52  lbs.,  which  is  equivalent  to 
8-24  lbs.  acting  vertically  upwards  at  the  centre  of  the  governor 
spindle.  With  the  slide-block  at  the  centre  of  the  slide,  the 
small  spring  was  stretched  -j^  inch  with  the  governor  at  rest. 
The  downward  pull  then  exerted  is  2'6  lbs.,  equivalent  to  1'33 
lbs.  at  the  centre  of  the  governor  spindle.  With  the  slide-block 
at  the  top  of  the  slide,  the  small  spring  is  extended  |  inch,  the 
governor  being  at  rest ;  the  downward  pull  then  exerted  is 
10-43  lbs.,  equivalent  to  3-97  lbs.  at  centre  of  governor  spindle. 

The  downward  force  exerted  at  the  centre  line  of  the  governor 
spindle  by  the  small  spring  has  the  following  values  when  the 
balls  are  fully  extended — 

Block  in  lowest  position, 1  '87  lbs. 

,,        central       „  5*2     „ 

,,        highest      „  6*56  ,, 

The  pressure  exerted  by  the  large  spring  with  the  balls  fully 
extended  was  326-25  lbs. 

Fig.  3  shows  the  distances  from  the  centre  line  of  the  governor 
spindle  to  the  slide-block  in  its  dififerent  positions. 


...4^ 


Fixed  Point. 


cE^E3....r^ 


Fig.  3 — Distances  rnoM  Centre  Line 
or  Governor  Spindle  to  Slidb- 
Block. 


FiQ.  4. — Bell-Crank 
Lbver. 


3|  inches. 
6  lbs.  4J  ozs. 

8  inches. 

1  '56  inches. 


Diameter  of  each  ball, = 

Weight  of  ball  and  arm,         .        .        .        .  = 

Length  of  governor  arm  from  ball  centre  to  1  _ 

pin  centre J"  ~ 

Full  movement  of  governor-sleeve,         .        .  = 

Fig.  4  shows  the  leverage  exerted  by  the  bell-crank  levers 
which  are  attached  to  the  governor  arms.  As  shown  by  the 
curves  in  Fig.  2,  the  governor  was  exceedingly  sensitive,  a 
difference  of  only  9  revolutions  per  minute  being  sufficient  to 
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send  the  governor  sleeve  from  its  lowest  to  its  highest  position, 
the  slide-block  being  at  the  centre  of  the  slide. 

The  governor  sleeve  is  at  mid-position  when  0-78  inch  high. 
The  loads  placed  on  the  sleeve  in  this  case  are  those  due  to  the 
weight  of  the  lever,  <fec.,  and  the  tension  or  compression  of  the 
regulating  spring.  As  it  is  difficult  to  estimate  the  pressure  on 
the  governor  sleeve  due  to  the  weight  of  the  lever,  this  was 
measured  by  a  spring-balance  attached  to  the  lever  at  the  centre 
line  of  the  governor  spindle,  and  found  to  be  3  lbs.  There  was 
also  a  change  in  the  pressure  on  the  sleeve  due  to  the  shifting  of 
the  slide-block  and  its  attachments. 

The  pressures  exerted  at  centre  line  of  governor  spindle  with 
the  block  in  the  three  positions  were — 

2 '01  lbs.  when  the  slide-block  was  in  its  lowest  position, 
1'56   „  ,,  ,,  ,,         middle        ,, 

and      1-16  „  „  ,,  „        highest      „ 

The  loads  due  to  the  regulating  spring,  with  the  sleeve  at 
mid-position,  were — 

3  '28  lbs.  acting  vertically  upwards  with  slide-block  in  lowest  position, 
2'91  „  „  downwards  ,,  middle     ,, 

and     5-24  „  „  „  „  highest     „ 

The  total  loads  for  the  three  positions  are  therefore — 

(3  +  2-01  -  3-28)  lbs.  =  1-73  lbs.  acting  downwards  for  1st  position, 
(3 -I- 1-56 -t- 2-91)    ,     =6-47,,  „  „  2nd     ,, 

and      (3-H-16-1-5-24)  „     =9-4     „  „  „  3rd      „ 

These  loads  have  been  plotted  upwards  from  the  mid-position 
line,  as  shown  in  Fig.  2,  and  to  the  given  scale.  Two  straight 
lines  are  obtained,  as  shown ;  and,  measuring  their  inclination 
by  the  di^'isions  of  the  squared  paper  as  before,  the  following 
results  are  obtained  : — 

With  slide-block  ia  lowest  position,  friction      =      0'43    lb. 
,,  ,,        middle       ,,  „  =      0-708  „ 

„  ,,        highest      „  „  =1-04     „ 

The  normal  speed  of  the  governor  was  supposed  to  be  190 
revolutions  per  minute,  and  1  per  cent,  of  this  is  1  -9  revolutions, 
equivalent  to  1'9  horizontal  divisions.  Hence,  controlling  force 
=  0-50  lb. 

Considering  the  middle  pair  of  curves — i.e.,  with  the  slide- 
block  at  mid-position — it  requires  an  increase  in  speed  of  from 
187 '5  revolutions  to  194'3  revolutions  per  minute  to  lift  the 
sleeve  from  a  height  of  0*25  inch  to  1'5  inch.     Therefore — 

1-9 
Sensitiveness  =  ;r^  x  1-25  =  0"349. 

O'O 

Controlling  energy  =  (4  x  0-5  x  0-35)  =  0-70  inch-lb 
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The  Tangye,  Acme,  Liide,  and  Proell  governors  were  driven 
by  belting  from  a  counter-shaft,  which  was  in  its  turn  driven  by 
means  of  a  vertical  steam  engine.     The  Watt,  Porter,  Pickering, 

Turner-Hartnell,  and  Belliss 
governors  as  tested,  were 
driven  by  means  of  an  electric 
motor,  the  speed  of  which 
could  be  regulated  exactly  by 
means  of  suitable  resistance 
g1  'i^  -|— ---^^^^g~["R-|-H  hpp      frames. 

*=::i!!;\  ;   ^ ^^^MHsHI     ir~-        Belliss   Shaft  Governor.— 

The  governor  of  this  type 
(Fig.  5)  was  supposed  to  run 
at  about  300  revolutions  per 
minute,  and  to  control  an 
engine  of  60  H.P.  The  brass 
sleeve,  S,  is  moved  by  the 
levers,  K  K,  along  the  shaft,  P.  A  lever  is  fixed  on  to  the 
sleeve  at  W,  which  moves  the  valve-gear.  In  order  to  test  the 
governor,  it  was  placed  between  the  centres  of  a  lathe,  and 
driven  by  the  electric  motor.  The  regulating  arrangement  was 
attached  as  shown  in  Fig.  6. 


Fig.  5. — Belliss  Governor. 


sJL  lltniiU-yais  laa- 
aUiuIud/TLev 

Fig.  6. — Rsqulatino  Arrangements  when  Testing  the  Belliss 
Governor. 


Three  pairs  of  curves  (Fig.  7)  were  obtained  as  follows : — 
Curves  1i  1i  with  no  regulating  spring  attached  to  the  lever. 
Curves  2,  2,  with  regulating  spring  attached,  but  with  no  tension 
at  starting.  Curves  3,  3,  with  the  regulating  spring  stretched 
1'28  inches  at  the  start  =  34-12  lbs.  pull. 
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The  following  are  details  relating  to  this  governor  : — 

Mean  strengtrh  of  governor  springs     =    5  '6  lbs.  per  inch  extensioa. 

„  regulating  spring     =  26-66  „  ,> 

Weight  of  throttle  valve  and  verti- 1  _    ..-g  ,. 

cal  gear,  .        .        .        .        .  / "~ 
Weight  of  one  ball,  with  arm,  &o.,     =    7'42  „ 

This  goveraior  appeared  to  be  very  powerful,  and  at  the  same 
time,  fairly  sensitive.  Curves  3,  3  give  the  nearest  approach  to 
the  actual  working  curves.*  The  movements  of  the  sleeve,  S, 
were  in  this  case  measured  directly,  which  could  easily  be  done 
as  the  sleeve  kept  very  steady,  and  the  speed  of  rotation  could 
be  regulated  exactly.  The  speed  was  recorded  by  a  speed 
counter,  driven  by  the  cone  pulley  of  the  lathe. 

The  sleeve  is  at  mid-position  when  about  O'ii  inch  from  its 
starting  point.     The  loads  calculated  are  zero  for  curves  1,  1, 


<«>''' 


s^. 


3^  cumsi^-aro  Sr-ouiMm'cl  Tit/nviJi^nts  vfbtiBx, 
The  tyta^  Tiear  &»  cuntKa,^.^feB  &^  hjod,  av 


aaoT" 


Fig.  7. — Spbed-Cuevbs  job  Bblliss  Govbenob. 


owing  to  the  fact  that  no  regulating  spring  is  on  the  governor 
lever ;  17*07  lbs.  for  curves  2,  2 ;  and  37"76  lbs.  for  curves  3,  3. 
These  are  plotted  off  above  the  mid-position  line,  according  to 
scale ;  and,  tracing  the  two  lines  shown  in  Fig.  7,  the  following 
results  are  obtained  by  the  methods  already  described : — 
For  the  curves  1,  1,    .        .        .        .    friction    =    8*8   lbs. 

2,  2 „  =    2-34  „ 

3.3 =    2-21   „ 

*  It  was  intended  to  obtain  curves  such  that  the  mean  speed  of  rotation 
was  300  revolutions  per  minute,  the  speed  given  by  the  makers  for  this 
particular  governor,  but  this  was  impossible,  owing  to  the  shortness  of 
time  during  which  the  governor  could  be  spared  for  Sie  experiments. 
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The  mean  speed  of  the  governor  is  given  as  300  revolutions 
per  minute,  and  1  per  cent,  of  this  is  3  revolutions,  equivalent  to 
1-5  horizontal  divisions.  Hence,  the  controlling  force  of  the 
governor  =  3'89  lbs. 

Considering  curve  3,  which  is  the  nearest  approach  to  the 
working  curve,  if  the  speed  is  altered  from  238  to  305  revolu- 
tions per  minute,  the  sleeve  is  moved  from  0-1  inch  to  0-8  inch ; 
hence,  a  change  in  speed  of  67  revolutions  per  minute  moves 
the  sleeve  O'Tinch;  therefore,  the  sensitiveness  =  O'OSl.  The 
controlling  energy  =  (3-89  x  0-031  x  4)  =  0-482  inch-lb. 

Comparison  of  Different  Governors. — The  frictional  resistance 
was  reduced  to  a  minimum  in  each  governor,  by  carefully  cleaning 
and  oiling  the  working  parts,  but  even  then  it  varied  consider- 
ably in  amount,  as  is  shown  by  the  forms  taken  by  several  of  the 
curves,  and  also  by  the  calculations  obtained  from  them.  It 
will  be  observed  that  the  Proell  governor  possessed  very  little 
frictional  resistance  in  its  working  parts,  as  compared  with  some 
of  the  others,  and  was  closely  followed  in  this  respect  by  the 
Tangye  and  four-pendulum  governors.  It  should  be  remem- 
bered, however,  that  the  Proell  governor  had  no  valve  attached, 
and  therefore  the  frictional  resistance  of  the  valve-spindle  at  the 
stuffing-box  is  an  element  not  included  in  the  experiments.  The 
Pickering  governor  curves  exhibit  a  frictional  resistance  much 
greater  than  might  be  expected,  considering  that  it  possesses  no 
pin  joints.  It  is,  therefore,  certain  that  the  greater  part  of  the 
frictional  resistance  in  many  governors  is  produced  at  >the 
stuffing-box  of  the  valve-spindle.  In  the  governors  tested,  the 
stuffing-box  was  not  screwed  tighter  than  is  usual  in  practice. 
It  is  also  probable,  that  in  a  Pickering  governor,  there  is  a  con- 
siderable amount  of  frictional  resistance  at  the  points  where  the 
lever  of  the  regulating  spring  presses  on  the  governor  valve- 
spindle,  and  also  inside  the  cap  at  the  top  of  the  governor. 

The  table  on  the  following  page  shows  the  chief  results 
obtained  from  the  nine  governors  tested. 

Comparing  the  values  of  the  controlling  force,  it  will  be 
noticed  that  the  small  Tangye  governor  exhibits  a  high  value;  it 
is,  however,  lacking  in  sensitiveness.  Another  notable  feature 
is  the  large  controlling  force  of  the  Turner-Hartnell  governor, 
and  the  large  amount  of  frictional  resistance  in  its  working 
parts.  It  is  evident  that  the  controlling  force  depends  largely 
on  the  weight-of  the  balls,  and  the  central  weight  or  "muff"  of 
the  governor,  for  the  highest  values  are  exhibited  by  the  Liide, 
Watt,  Porter,  Turner-Hartnell,  and  Belliss  governors,  which  all 
had  either  heavy  balls,  weights,  or  a  heavy  central  load.  As 
regards  sensitiveness,  the  Proell  governor  appears  to  be  far 
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superior  to  the  rest.  It  is  striking  how  favourably  the  Porter 
governor  compares  with  some  of  the  more  modern  types,  posses- 
sing, as  it  does,  both  sensitiveness  and  great  controlling  force. 
The  Watt  governor  also  shows  large  controlling  force,  due  no 
doubt  to  its  very  heavy  balls. 


Approxi- 

Con- 
trol- 
ling 
Force. 

mate  Mean 

Sensi- 

Con- 

Frictional 

Type  of  Governor. 

Mean  Speed  Revolutions. 

tive- 

trolling 

Kesistance 

ness. 

Energy. 

in  Lbs.  for 

Working 

Curves. 

Per 

Inch- 

Minute. 

lbs. 

Lb3. 

Tangye  (Soho),     . 

.      400-0 

0-009 

1-54 

0  056 

2-6 

Acme,  . 

.     400-0 

0016 

1-98 

0-13 

3-22 

Liide  {4-pendulum\ 
governor), .        .  / 

Load=    0    .     200-0 

0-056 

0-95 

0-213 

2-62 

„     =  20 lbs.  229-25 

0-102 

1-96 

0-799 

1-90 

PFoell,.         .         . 

.      190-0 

0-35 

0-50 

0-70 

0-71 

Watt,  . 

.       90-0 

0-113 

4-18 

0-189 

4-3 

Porter, 

.     260-0 

0-08 

1-04 

0-33 

2-87 

Pickering,    . 

.      4000 

0-018 

0-42 

0-03 

3-85 

Turner     Hartnein 
(shaft-governor),  / 

.     200-0 

0-016 

7-99 

0-511 

Bellisa    (shaft-      \ 
governor), .        .  J 

.     300-0 

0-031 

3-89 

0-482 

2-21 

Results. — The  following  may  be  regarded  as  a  summary  of  the 
results  arrived  at : — 

1.  In  testing  governors  by  running  them  steadily  at  different 
speeds,  great  difficulties  have  to  be  overcome  to  obtain  the 
natural  characteristics  of  the  governors  considered,  chiefly  owing 
to  frictional  resistances,  which  appear  to  vary  erratically. 

2.  If  the  different  governors  were  placed  on  the  engine  and 
tested  by  suddenly  altering  the  load,  there  would  still  be  uncer- 
tainty in  the  results,  owing  to  the  variations  of  the  frictional 
resistance  in  the  valve-gear,  which  is  connected  with  the  sleeve 
(or  the  eccentric)  of  the  governor. 

3.  The  controlling  force  of  a  governor  is  increased  by  increas- 
ing the  weight  of  the  balls  or  the  central  load. 

4.  The  controlling  force  and  sensitiveness  are  increased  by 
providing  the  governor  with  powerful  springs. 

5.  Increasing  the  masses  of  the  i-evolving  balls  or  weights  also 
increases  the  amount  of  frictional  resistance. 

6.  Shaft-governors  can  be  made  much  more  powerful,  bulk  for 
bulk,  than  vertical  governors. 

7.  The  advantages  of  using  the  more  modern  types  of  governor 
over  using  the  older  types,  such  as  well-designed  Watt  and 
Porter  governors,  are  not  so  great  as  perhaps  might  be  expected. 


TO   OBTAIN   THE   CONTROLLING  FORCE   GRAPHICALLY. 
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To  Obtain  hie  Conteolling  Force  Graphically. 

"  A  method  of  obtaining  graphically  the  controlling  force  of  a  vertical 
governor  is  shown  in  Fig.  8. 

Let      C  =  centripetal  force  in  lbs.  acting  at  the  centre  of  the  governor 
ball  in  order  to  maintain  equilibrium  at  the  normal  speed. 
W  =  weight  in  lbs.  of  each  of  the  governor  balls. 
T,  (  =  tension  in  lbs.  on  the  upper  and  lower  arms  respectively. 
N  =  number  of  revolutions  of  the  governor  per  minute  at  the 

normal  speed. 
F  =  the  total  load  on  the  sleeve  divided  by  the  number  of  balls. 
/■=  the  controlling  force  exerted  at  the  sleeve  for  each  ball  in  the 
governor,  or  the  whole  controlling  force  divided  by  the 
number  of  balls. 
e  and  (p  =  the  angles  made  by  the  centre  lines  of  the  upper  and  lower 
arms  with  the  vertical  centre  line  of  the  spindle  when  the 
governor  is  running  at  normal  speed. 
R  =  radius,  in  feet,  of  the  circle  described  by  the  centres  of  the 
governor  balls. 
The  force  diagram  is  constructed  as  follows  : — 

Draw  a  vertical  line  and 
mark  off  B  V,  V  D,  repre- 
senting, to  the  same  scale, 
W  and  F  *  respectively  in 
magnitude  and  direction. 

Draw  VL  parallel  to  the 
upper  arm,  0  S,  and  V  G 
parallel  to  the  lower  arm, 
OY. 

Draw  VM  and  DX  both 
perpendicular  to  B  D. 
Through  X  draw  X  A  parallel 
to  V  L,  and  through  B  draw 
B  A  parallel  to  VM  and  D  X. 
It  is  evident  that  the  line, 
B  A,  represents  the  force,  C,  in  magnitude  and  direction. 

Now,  the  force,  C,  is  partly  due  to  the  effect  of  W  and  partly  to  the 
effect  of  F. 

Calling  the  former  part  C»  and  the  latter  C/, 

C  =  Cw  +  C/. 

In  the  diagram,  the  line B L represents  Cw,  and  LArepresents  C/.   Now 


Fig.  8. 


•  It  will  be  noticed  that  only  half  the  central  weight  is  here  taken  into 
consideration,  the  other  half  being  supposed  to  act  on  the  other  side  of  the 
centre  line  of  the  governor  spindle. 
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so  that  C  is  proportional  to  N^  and  1  per  cent,  increase  of  N  is  equivalent 
to  an  increase  ol  0  02  C  in  C. 

Produce  B  A  to  E,  making  A  E  equal  to  0-02  0. 

Draw  EG  parallel  to  AX,  produce  VX  to  6,  and  draw  6K  parallel 
to  X  D. 

Then  the  line,  D  K,  represents  half  the  force,  /,  to  the  same  scale  as  F 
andW. 

To  obtain  its  magnitude  from  the  similar  figures,  VDXM,  VKGP: — 

i.e.,  /=0-02F^2^^=0-02{l+^}p. 

/is  the  force  for  1  ball  only.  The  controlling  force  for  2  balls  is  2/,  and 
for  4  balls  it  is  4/. 

This  expression  for  the  magnitude  of  the  controlling  forces  is  appb'cable 
to  any  vertical  governor,  no  matter  what  may  be  the  train  of  mechanism 
between  the  balls  and  sleeve. 

For  the  special  kind  of  governor  shown  in  Fig.  8,  /  can  be  obtained  as 
follows : — 

/     _  P 1 

0-020      F(tane+tan0)      tan^  +  tan^' 

0-02  C       ^  W  tan  g  +  F  (tan  9  +  tan  ip) 

■  ■ '  ■'  ~  tan  $  +  tan  ^  ~  tan  $  +  tan  ip 

r  W      1 

Or,  /=  0-02]  ^  +  7     tan  0 1  ^  0-02  {p  +  W~^}." 

I        ^      tan  g  J 

Flywheels. — We  have  already  mentioned  that  the  function  of 
the  flywheel  is  to  take  up  and  give  out  energy  so  as  to  minimise 
the  fluctuations  in  speed  due  to  the  periodic  changes  in  the 
crank  efibrt,  and  also  to  reduce  the  suddenness  of  other  changes 
in  the  speed  of  the  eneine. 

In  Lect.  XII.,  Vol.  I.,  we  found  an  expression  for  the 
tension  per  square  inch  in  the  rim  of  a  flywheel  due  to 
centrifugal  force,  and  saw  that  it  was  independent  of  the 
cross  area  of  the  rim.  The  highest  speed  at  which  a  fly- 
wheel can  be  run  with  safety,  will  therefore  depend  upon  the 
tensile  strength  and  the  density  of  the  material  of  which  it 
is  made,  for  it  is  evident  that  we  cannot  make  it  able  to  go 
faster  by  enlarging  the  cross  area  of  the  rim,  since  that  increases 
the  total  stress  in  exactly  the  same  proportion  as  it  increases 
the  total  strength.  Consequently,  for  very  high  speeds  it 
is  necessary  to  select  a  material,  and  so  dispose  of  it,  as  to 
have  the  greatest  possible  strength  for  a  given  mass.  Fly- 
wheels are  usually  made  of  cast  iron,  either  moulded  and  cast 
in  one  piece,  or  built  up  in  several  segments ;  but  sometimes, 
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they  have  been  made  of  wrought  iron  or  steel,  so  as  to  offer  a 
much  greater  resistance  to  bursting,  or  by  winding  steel  wire 
into  an  annular  trough  made  of  steel  plates  at  a  definite  distance 
from  the  crank  shaft.* 

Balancing  Machinery,  t— If  a  flywheel  be  not  accurately 
balanced,  it  will  cause  wobbling  stresses,  which  produce  vibration 
and  wear,  and  which  become  greater  as  the  speed  is  increased. 
Owing  to  the  recent  demand  for  high-speed  machinery,  such  as 
sugar-drying,  cream  separating,  hydro-extracting,  and  electric 
light  machinery,  the  attention  of  engineers  has  been  specially 
directed  of  late  to  the  necessity  for  more  perfect  balancing,  with  a 
view  to  reducing  vibration  and  its  attendant  noise,  tear,  and  wear. 
Even  in  the  case  of  express  trains,  it  has  been  found  advisable 
to  balance  the  carriage  wheels.  This  is  done  by  placing  their 
axles  and  their  wheels  on  a  framing  with  springs  of  exactly 
the  same  kind  as  those  to  be  used  on  the  carriage  for  which 
they  are  intended,  and  running  them  at  their  highest  speed  of, 
say,  60  to  70  miles  peg:  hour.  Pieces  of  clay  are  placed  upon  the 
inside  of  their  rims  until  they  run  perfectly  smoothly.  These 
lumps  are  then  replaced  by  pieces  of  cast  iron  or  lead  of  the 
same  weight,  and  the  process  repeated  until  as  perfect  a  balance 
as  possible  has  been  obtained. 

In  works  where  the  importance  of  balancing  machinery  is 
recognised,  the  machine  to  be  balanced  is  placed  upon  a  testing 
table  and  run  at  gradually  increasing  speeds.  At  each  speed 
the  balance  is  made  as  perfect  as  possible,  by  trial,  in  a  manner 
similar  to  that  just  described  for  railway  carriage  wheels,  until 
the  maximum  working  speed  has  been  reached,  and  the  whole 
is  capable  of  running  practically  free  from  vibration  even  when 
not  secured  by  bolts  or  clamps. 

A  common  method  of  balancing  pulleys  in  the  workshop  is 
to  mount  them  on  a  shaft,  or  mandril,  which  is  then  placed  on 
two  parallel  and  perfectly  level  straight  edges.  This  is  a 
delicate  method  of  procuring  a  statical  balance,  but  it  does 
not  follow  that  there  is  a  true  dynamic  balance,  as  there 
may  be  a  centrifugal  couple,  which  will  cause  vibration,  and 
needless  pressure  on  the  bearings.     To  take  a  simple  case,  con- 

*  See  Prof.  Sharp's  pamphlet  on  "A  New  System  of  Wheel  Construe 
tion"  (Teohnioal  Publishing  Co.,  Manchester).  Also,  "Flywheels  for 
Slow-Speed  Electric  Traction  Steam  Dynamos,"  by  A.  Marshall  Downie, 
B.So.,  and  the  full  discussion  in  vol.  xlv. — Parts  I.  and  II.,  Nov.  and  Dec, 
1901,  Trans.  Inst.  Engs.  and  Shipbuilders  in  Scotland. 

tSee  Proc.  Inst.  Eng.  and  Shipbuilders  in  Scotland,  vol.  lxiii.,1899,  for 
a  paper  on  "The  Mechanics  of  the  Centrifugal  Machine,"  by  C.  A. 
Matthey.  Also,  Froc.  N.E.  Coast  Inst,  of  Eng.  and  Shipbuilders,  vol.  xii., 
1896,  for  a  paper  on  "An  Investigation  into  the  Force  tending  to  produce 
Vibration  in  High-Speed  Engines,"  by  J.  M.  Allan. 
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sider  a  crank  shaft  with  two  cranks  180°  apart.  The  static 
balance  may  be  perfect  if  the  cranks  are  similar;  yet,  it  is  clear  that 
the  centrifiigal  forces  of  the  two  cranks,  although  equal,  parallel, 
and  opposite  in  direction,  are  not  in  the  same  straight  line,  and 
therefore  form  a  couple  in  a  plane  passing  through  the  axis  of 
the  shaft.  The  plane  of  this  couple  revolves  with  the  cranks, 
and  it  consequently  tends  to  make  the  axis  describe  a  double 
cone  in  space,  the  common  vertex  of  this  cone  being  at  the 
centre  of  gravity  of  the  whole  rotating  mass.  Similarly,  with  a 
pulley  there  may  be  an  excess  of  material  on  one  side  at  one 
extremity  of  a  diameter,  and  at  the  other  extremity  an  excess 
on  the  other  side,  which,  while  the  static  balance  is  perfect, 
cause  a  centrifugal  couple,  and  set  up  objectionable  vibrations  at 
a  high  speed.  The  final  adjustment  of  the  balance  of  a  wheel 
or  puUey  should  therefore  always  be  made  at  the  highest  speed 
at  which  it  is  intended  to  run.  In  order  to  have  a  statical 
balance  about  an  axis,  it  is  sufiScient  that  the  axis  should  pass 
through  the  centre  of  gravity  of  the  whole  mass,  but  for  a  perfect 
dynamic  balance,  it  must  also  pass  through  the  centre  of  gravity 
of  every  section  taken  at  right  angles  to  the  axis.  It  is  possible, 
however,  in  some  cases  to  have  the  body  as  a  whole  balanced 
without  this  last  condition,  but  in  such  cases  there  will  be 
several  centrifugal  couples  whose  resultant  is  zero,  but  which 
tend  to  bend  the  shaft  at  several  places. 

Weston  Centrifugal  Machine.  —  As  a  useful  application  of 
centrifugal  force,  and  an  example  of  a  self-balancing  high-speed 
machine,  we  here  illustrate  the  "Weston  centrifugal  for  drying 
sugar.  The  first  figure  gives  a  general  view  of  a  pair  of  30-inch 
centrifugals  suspended  from  the  house  framing,  with  sugar- 
breaker,  pug  mill,  swivel  shoot,  and  molasses  gutter.  The 
baskets  of  these  machines  are  driven  at  1,200  revolutions  per 
minute,  and  give  an  output  of  12  to  16  tons  of  dried  raw  sugar, 
or  12  to  20  tons  of  dried  refined  sugar,  per  day  of  ten  hours, 
and  require  about  seven  horse-power  to  drive  them. 

In  order  to  charge  the  machine,  the  valve  at  the  bottom  of 
the  pug  mill  is  opened,  so  as  to  allow  the  sugar  to  gravitate 
down  the  scoop  into  the  basket  B,  seen  in  the  vertical  section. 
When  a  sufficient  charge  has  been  given,  the  pug  mill  valve  is 
closed,  and  the  basket  started  rotating  by  a  friction  pulley  of 
the  kind  shown  in  Lecture  VIII.,  p.  158  of  Vol.  I.  The  belt 
which  drives  the  pulley  P,  connected  to  the  spindle  S,  thus 
gradually  brings  the  speed  up  to  its  normal.  The  centrifugal 
force  causes  the  water  and  molasses  to  pass  through  the  numer- 
ous holes  in  the  periphery  of  the  basket  into  the  monitor  case 
M  0,  from  whence  it  escapes  by  the  discharge  pipe  D  P ;  while 
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the  sugar  forms  a  wall  around  the  inside  of  the  basket.     When 
the  sugar  is  dried,  the  friction  grip  of  the  driving  pulley  is 
relieved,  and  the  brake-strap  applied  to  the  brake  pulley  B  P, 
so   as   to  bring  the   basket  and   its 
contents  quickly  to  rest.     The  con- 
ical cover,  or  discharge  valve  D  V,  is 
then  raised  and  hung  on  the  brake 
pulley,  as  seen  in  dotted  lines.     The 
wall  of  sugar  is  broken   down   and 
swept  through  the   central   opening 
into  the  conveying  trough  T.     It  is 
then  forced  along  this  trough  by  a 
large  screw  to  wherever  it  may  be 
wanted. 

The  basket  is  not  compelled  to  re- 
volve about  a  fixed  axis,  but  is  per- 
mitted to  choose  its  own  centre  of 
rotation  by  the  use  of  elastic  bearings. 
By  allowing  the  revolving  basket  to 
oscillate  within  certain  limits,  it 
assumes  as  its  centre  of  gyration  the 
centre  of  gravity  of  the  basket  and 
its  contents,  and  so  becomes  self- 
balancing.  This  reduces  to  a  mini- 
mum the  power  required  to  drive  the 
machine,  severe  stresses,  wear  and 
tear,  and  the  vibrations  transmitted 
to  the  building.  By  referring  to  the 
sectional  view  of  the  spindle,  it  will 
be  easily  understood  how  this  is  ac- 
complished. A  strong  block  B,  is 
bolted  to  the  overhead  beam,  and 
inside  this  block  are  placed  two  india- 
rubber  buffers  1 1,  the  upper  of  which 
sustains  the  suspended  spindle  S,  by 
a  nut  and  washer.  This  spindle  does 
not  rotate,  but  it  carries,  at  its  lower 
end,  a  series  of  washers  which  support 
the  bearing  F,  fixed  to  the  outer  re- 
volving spindle.  The  pulley  P,  and 
brake  pulley  B  P,  are  attached  to  the 
upper  end  of  this  outer  spindle,  and 
the  perforated  basket  to  its  lower  end.  The  hollow  portion  of 
this  spindle  is  filled  with  oil,  so  that  the  bearing  F  runs  in 
an  oil  bath,  and  is  always  well  lubricated. 


Section  of  Spindlb  and 
Bearings  for  Weston 
Centbifuoal. 
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There  are  many  other  applications  of  this  principle,  such  as  in 
hydro-extractors,  cream-separators,  ifec.  The  next  illustration 
shows  a  modification  of  the  above  machine  adapted  for  extracting 
oil  from  engine  waste,  turnings,  screws,  &c.,  or  drying  crystals 
and  ores.  The  material  to  be  dried  is  put  into  the  hollow  pan  A, 
which  is  then  rotated  at  about  2,000  revolutions  per  minute. 
The  oil,  or  water,  escapes  through  the  narrow  opening  between 
the  upper  and  lower  parts  of  the  pan  at  B,  into  the  outer  casing 
D,  and  thence  to  the  spout  E.     The  pan  is  emptied  by  lifting  it 


■Under-Driven  Centrifugal  Extractor,  by  Watson,  Laislaw  &  Co. 

bodily  from  the  top  of  the  spindle  and  turning  it  upside  down. 
It  rests  on  a  leather-feced  disc  on  the  top  of  the  spindle,  and  is 
kept  central  by  a  continuation  of  the  same,  which  fits  easily 
into  a  recess  in  the  bottom  of  the  pan.  This  arrangement 
permits  of  a  little  slip  at  starting,  by  which  the  driving  belt  is 
relieved  from  any  sudden  or  severe  stress.  The  spindle  is 
similar  in  construction  to  the  one  just  described,  but  inverted, 
so  that  this  machine  is  also  self-balancing. 


WATER-DRIVEN    CENTRIFUGAL. 


INDEX  TO  PARTS. 


B  B  Bail-Bearing  carrying  weight 
of  Basket. 

S  S  Suspension  Sleeve. 

t  R  B  India  Rubber  Buffers. 

C  I  W  Cast  Iron  Washers. 

W  M  C  Water  Motor  Case, 

C  C  Case  Cover  for  W  M  C. 

BMW  Brake  Motor  Wheel. 

C  R  Cup  Ring  for  Wheel. 

B  Brake. 

B  B  Brake  Bracket. 

B  C  Brake  Crank. 

B  L  Brake  Lever. 

S  R  Splash  Ring. 

S  I  B  Supporting  Iron  Beam. 

I  R  S  Inside  Revolving  Spindle. 

I  S  S  Inside  Stationary  Spindle. 

O  R  S  Outside  Revolving  Spindle. 

D  V  Discharge  Valve. 

R  B  Revolving  Basket. 

M  C  Monitor  Case. 


Vertical  Section  of  Water-driven  Centrifugal, 
Patented  and  made  by  Watson,  Laidlaw  &  Co.,  Glasgow. 

For  description,  see  Professor  Jamieson's   Text  Book  of  Applied  Mechanics. 


WATER-DRIVEN    CENTRIFUGAL 

WITH 

AUTOMATIC    CUT-OUT. 


INDEX 
TO  PARTS. 

*  1  Flow  of 
B  J  Water. 

'*^ll  Pelton 
Q^  I  Wheel  Cups. 

D     Float. 

E     Float  Cup. 

F     Lever. 

G     Detent. 

H     Scoop. 

''I'l  Water 

L  Link. 

R  Rod. 

S  Spring. 

T  Trigger. 

V  Valve. 


SECTIO^AL  PLAN: 


Automatic  Cut-out  for  Water-driven  Centrifugal, 
Patented  and  made  by  Watson,  Laidlaw  &  Co.,  Glasgow. 


J^or  description^  see  Professor  Jamieson's  Text  Book  0/  Applied  Mechanics. 


WATER-DRIVEN    CENTRIFUGALS.  449 

Water -Driven  Centrifugals  with  Automatic  Cut-off  {see 
Accompanying  Plates  with  Index  to  Parts).* —  OenercU  Features  and 
Objects. — In  order  to  suit  the  different  classes  of  sugars  or  otlier  materials 
to  be  dried,  these  centrifugals  may  be  made  to  attain  full  speed  in  a  longer 
or  shorter  time  by  fitting  each  water  motor  with  at  least  two  water  jeta, 
and  a  separate  valve  to  each  jet.  Consequently,  should  it  be  desired  to 
attain  full  speed  in  a  short  time,  both  valves  are  opened  at  starting. 
When  full  speed  is  reached,  one  valve  is  closed  automatically,  thus  leaving 
the  other  valve  open  until  the  machine  has  to  be  stopped.  This  valve  is 
then  closed  by  hand  and  the  brake  applied  in  the  usual  way.  The  jet 
which  is  first  closed  has  been  termed  the  "accelerating  jet,"  and  the  one 
which  maintains  a  uniform  speed  imtil  shut  off  by  hand  is  called  the 
' '  maintaining  jet. " 

When  drying  very  low  grade  sugars,  or  other  materials  which  have  a, 
very  small  grain  (and  are  liable  to  become  impervious  to  the  passage  of  the 
liquid  to  be  extracted),  the  "maintaining  jet"  should  be  used  alone;  for, 
while  it  will  ultimately  bring  the  centrifugal  to  its  full  speed,  it  will  do  so 
very  gradually,  and  thereby  allows  the  liquid  to  pass  through  the  semi- 
porous  mass  before  the  higher  centrifugal  force  causes  the  material  to 
pack  too  closely.  The  liquid  passing  off  at  the  slower  speed  tends  to 
leave  the  solid  material  in  a  more  permeable  condition  than  it  would  be 
if  the  centrifugal  were  brought  to  full  speed  in  a  short  time. 

Description  of  Centrifugal  Machines. — When  the  machine  is  started,  the 
water  issuing  from  the  jets  Ji  Jj  is  deflected  backwards  by  the  pelton 
wheel  cups  Ci,  O2,  &c.,  in  the  direction  shown  by  the  arrow  A.  As  the 
speed  of  the  wheel  increases,  the  velocity  of  the  spent  water  in  a  backward 
direction  correspondingly  decreases,  until  the  wheel  attains  its  most  effici- 
ent speed  in  relation  to  the  velocity  of  the  water  jet ;  at  which  time,  the 
water  falls  clear  of  the  wheel  without  further  backward  motion.  A 
further  slight  increase  in  the  speed  of  the  wheel'  causes  the  spent 
water  falling  from  the  wheel  to  flow  in  the  direction  of  rotation  of  the 
wheel,  as  shown  by  arrow  B.  Then,  a  portion  of  this  water  wiU  enter  the 
scoop  H,  pass  into  the  float  cup  E,  raise  the  float  D,  attached  to  the  lever 
F,  and  release  the  detent  G,  which  in  turn  releases  the  rod  R,  attached  to 
the  link  L.  This  action  allows  the  spring  S  to  shut  the  accelerating 
valve  connected  to  jet  J^,  thus  leaving  the  maintaining  jet  J^  to  keep  up 
the  speed. 

The  action  of  this  apparatus  is  remarkably  accurate  and  may  be  modified 
by  the  adjusting  valve  V,  which  can  be  thus'made  to  delay  the  entrance  of 
the  water  into  the  cup  E,  so  that  the  accelerating  jet  can  be  kept  open  for 
a  longer  time. 

The  trigger  T  enables  the  attendant  to  release  the  detent  O,  if  for  any 
reason  it  is  desired  to  close  the  accelerating  valve  before  the  automatic 
apparatus  comes  into  action. 

Calculations  of  WorlE  Done  in  Overcoming  Inertia,  &e.— 

The  following  calculations,  in  connection  with  the  driving  of  these 
centrifugals  by  Watson,  Laidlaw  &  Co.'s  water  motors,  will  be  interesting 
and  instructive  to  students  : — 

*I  am  indebted  to  Watson,  Laidlaw  &  Co.,  Engineers,  Glasgow,  the 
designers  and  makers  of  these  centrifugals,  for  having  kindly  supplied 
the  accompanying  four  plates  to  illustrate  these  interesting  and  useful 
machines,  as  well  as  for  the  data  from  which  this  was  written. 
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Let     Q  =  Quantity  of  water  from  the  nozzle  jets  in  lbs.  per  second. 
V  =  The  velocity  of  the  water  jets  in  feet  per  second. 
F  =  Force  acting  on  the  buckets  due  to  jet,  in  lbs, 
V  =  Velocity  of  the  pelton  wheel  buckets  in  feet  per  second, 
r  =  Radius  of  the  buckets  in  feet  from  the  centre  of  vertical  spindle. 
k  =  Radius  of  gyration  of  the  basket  and  load  =13  ins.  =  ^  foot. 
n  =  Revolutions  of  pelton  wheel  per  second  =  iff^  =  20. 
oi  =  Angular  velocity  of  basket  in  radians  per  second. 
s  =  Energy  per  second  (or  power),  being  absorbed  by  the  wheel  at 
any  instant,  measured  in  foot-lbs.  per  second. 
W  =  Weight  of  basket  and  load  in  lbs.  =  700  lbs. 

t  =  Time  in  seconds  from  start. 
Ee  ^  Total  kinetic  energy  in  basket  and  load  in  foot-lbs. 
ri  =  Theoretical  efficiency  of  the  pelton  wheel. 

Energy  required  to  overcome  inertia  : — 

E   ^W«^^W(27rrTC)'  _2Tr'mgWa'     /(See  equation  (IX.), 
*        2gr  2ff  g         '     I  Lect.XII.,Vol.  I.) 

^^  ^  2(3-1416)'=x20y700x(H)'  ^  201.440  foot-lbs. 

This  result  takes  no  account  of  friction,  and  is  the  least  total  amount  of 
energy  which  has  to  be  imparted  to  the  revolving  parts,  whether  driven 
by  belt,  water,  or  electric  motor,  to  bring  the  whole  of  the  revolving  parts 
up  to  the  maximum  working  speed. 

The  Efficiency  of  the  Wheel  is  the  ratio  of  the  power  actually  being  taken 
up  by  the  wheel  to  the  total  power  passing  through  the  water  jet  (see 
Vol.  IV.,  p.  167)-  ^    ,_      ^ 

=  — v^ —     " '' 

The  Force  on  the  Pdton-wheel  Buckets  due  to  the  change  of  momentum 
of  the  water  at  any  bucket  speed  v  is — 

=  201^::^=  Fibs (2) 

g 

The  Energy  Absorbed  by  the  pelton  wheel  at  bucket  velocity  v  is — 

2Q 
F  V  '='  —5  (V-v)v  =  X  foot-lba.  per  second.     .       (3) 

Substituting  the  angular  velocity  for  the  linear  velocity,  we  get — 

2Q 

E  =  — ^  ( V  -  CO  r)  u)  r  foot-lbs.  per  second.       .      (4) 

In  a  short  time  d  t,  the  energy  given  up  to  the  basket,  will  be — 

d*  =  ^(V-<or)  10  r.  d«  foot-lbs.  .        .        .      (6) 

Therefore  we  get.      ''^  =  2Q(V-/r)a,r ^^^ 
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But,  the  Energy  Stored  wp  in  Basket  and.  Load  ia,  by  equation  (IX.  )> 
lieoture  XII.,  Vol.  I. 

EK  =  ^foot-lba., 

where  I  is  the  moment  of  inertia  of  the  basket  and  load. 

Or,  Ek  =       „  foot-lbs (7) 

^9 

W  lA    ... 

dEK=  ""do.  foot-lbs (8) 

9 

Now,  if  the  increment  of  energy  absorbed  is  equal  to  the  increment  of 
energy  gained  (that  is,  ds  =  dEx),  then  we  have,  from  (6)  and  (8) — 

at  = 


Integrating  and  simplifying,  we  get — 

t  -  -  2Q^  ^°S«  ("T^)  ^®''°"'^'  •        •     '^°) 

where  v  =  u  r.      This  is  the    equation    of    time    and    bucket   velocity. 
Inverting  (10)  we  get — 

B=V-Vr^*' (U) 

Now,  expressing  v  in  revolutions  per  minute,  we  get — 

V-VVe    w*"  y 
Revolutions  per  minute  = ^ ^x60.       ....     (12) 

Again,  we  found  the  energy  per  second  absorbed  by  the  wheel  to  be — 
jt  =  ^(V-»)».      (Sees.) 

Substituting  the  value  of  v  from  (11)  we  get — 

2QV2f  -^3^1.     -l«!^l 
11  =  ''^^    I       ^j,  _,    w*>  l.    ,        .        ,     (13) 

This  is  an  equation  connecting  the  power  absorbed  usefully  by  the 
pelton  wheel  with  the  time  from  start. 

By  plotting  the  above  quantities,  with  time  as  an  abscissa  and  foot-lbs.  per 
second  as  one  ordinate,  whilst  revolutions  per  minute  is  the  other  ordinate, 
we  get  two  curves.  One  curve  shows  the  energy  per  second  usefully  absorbed 
by  the  pelton  wheel,  whilst  the  other  curve  gives  its  speed.  It  will  be 
evident,  that  the  area  under  the  energy  curve  (that  Ta,f'  •  dt")  represents 
the  total  work  usefully  absorbed  by  the  wheel ;  or,  in  other  words,  the 
work  stored  up  in  the  basket  and  load  as  inertia,  while  the  smaller  area 
above  this  curve  represents  the  work  lost  on  account  of  the  variable  speed 
during  the  acceleration.  The  power  supplied  is  assumed  to  remain  con- 
stant during  that  period.  The  area  under  the  curve  can  be  shown  to  be 
72  per  cent,  of  the  whole  available  area  (see  Fig.,  p.  456). 
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Electrically- Driven  Centrifugal  Machines  {see  Accompamying 
Plates  hy  Watson,  Laidlaw  <b  Co.). —  EsserUial  Features. — Here,  the 
centrifugal  forms  one  machine  by  itself,  whilst  the  electro-motor  also 
constitutes  another  machine.  Each  of  these  machines  may,  therefore,  be 
constructed  in  the  best  manner,  quite  independently  and  without  necessi- 
tating any  special  adaptation  for  combining  them.  The  centrifugal  may, 
however,  be  easily  driven  by  the  motor  through  the  medium  of  an  ordinary 
centrifugal  friction  clutch. 

The  motor  does  not  oscillate  with  the  centrifugal,  and  hence  the 
clearances  between  the  armature  and  the  field  poles  of  the  former  may 
be  as  small  as  the  best  electrical  and  mechanical  practice  will  permit. 
;  Details. — The  centrifugal  machine  is  of  the  "Weston"  type,  already 
described.  It  hangs  on  ball  bearings  and  rubbers  as  shown  by  the 
accompanying  plate.  The  use  of  the  centrifugal  friction  clutch  between 
the  motor  and  the  centrifugal  allows  the  motor  to  attain  its  speed  rapidly, 
whilst  the  centrifugal  follows  it  up  until  the  motor  and  the  centrifugal  are 
running  at  the  same  speed.  This  action  is  exactly  the  same  as  in  the 
standard  "Weston"  centrifugal  friction  pulley,  and  dispenses  with  the 
need  for  artificial  electrical  resistances  when  the  motor  is  first  started.  * 

Oiling  of  Motor. — The  oiling  of  the  motor  bearings  is  efiected  by  a 
patent  device  placed  at  the  upper  end  of  the  motor  spindle.  It  is  so 
designed  that  a  measured  quantity  of  oil  may  be  automatically  admitted 
into  the  upper  bearing  of  the  motor  each  time  the  machine  is  started. 
This  oil  finds  its  way  by  gravitation  down  through  suitable  channels  to 
each  bearing  in  sequence.  After  passing  through  the  lower  bearing  of  the 
motor  and  the  bearings  of  the  spindle,  it  finally  discharges  into  the  brake 
pulley,  which  serves  as  a  collecting  cup,  from  which  the  oil  can  be  with- 
drawn at  intervals  of  a  week  or  ten  days. 

Connection  between  Electric  Motor  a/nd  Framework. — The  connection  of 
the  motor  to  the  framework  is  made  by  two  pins  or  studs,  in  such  a 
manner,  that  when  one  is  withdrawn  the  motor  can  be  raised  upon  the 
remaining  stud  by  a  worm  wheel  and  nut,  so  as  to  disconnect  the  clutch 
coupling.  The  motor  can  then  be  swung  to  one  side  on  this  stud  or  hinge 
pin,  which  exposes  the  top  of  the  spindle  for  examination  or  withdrawal 
as  shown  by  the  illustrations.  The  hinge  pin  on  which  the  motor  turns  is 
made  hollow,  for  the  purpose  of  allowing  the  electric  wire  leads  to  and 
from  the  motor  to  pass  upwards  through  it,  so  that,  when  the  motor  is 
thus  disconnected  and  turned  round,  the  electrical  connections  may  not 
be  disturbed. 

Starting  and  Stopping  the  Motor  and  CentrifugaX. — The  operations  of 
starting  the  motor  and  releasing  its  brake,  as  well  as  that  of  stopping  the 
motor,  and  the  application  of  the  brake,  are  all  made  by  one  switch  lever. 
Since  the  act  of  applying  the  brake  opens  the  switch  of  the  motor,  there  is 
no  possibility  of  the  motor  being  started  when  the  brake  is  on. 

Advantages. — The  following  are  the  principal  advantages  claimed  by  the 
designers  and  makers  of  this  combination  of  electro-motor  and  centrifugal 
on  well-established  mechanical  principles : — (1)  The  motor  is  separate  from 
the  centrifugal  machine.  (2)  Simplicity  of  design  and  construction.  (3) 
The  motor,  being  above  the  centrifugal,  it  is  out  of  the  way  of  the 
attendant,  and  is  not  readily  splashed  by  sugar  or  washing  liquid.  (4)  All 
working  parts  are  easily  and  rapidly  accessible  for  examination.  (6) 
Ample  Dearings  and  lubrication  for  the  heaviest  loads.     (6)  The  system 

•  See  the  illustration  and  description  of  the  "  Weston "  centrifugal 
friction  pulley  in  Lecture  YIII,,  Yol,  L,  of  this  book. 
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Outside  View  and  Plan  showing  Electric  Motor  detached  from 

its  Weston  Centrifugal, 

Patented  and  made  by  Watson,  Laidlaw  &  Co.,  Glasgow. 


For  iftscJ  i/'t/oj/,  SCL-  Pro/cisor  Jaiiilcson' s    Tc.vt  Booh  o/  Applied  MccJtanics. 
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Vertical  Section  of  Electrically-driven  Centrifugal  Machine, 
Patented  and  made  by  Watson,  Laidlaw  &  Co.,  Glasgow. 
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Electrically-driven  Weston  Centrifugal  Machines, 
Patented  and  made  by  Watson,  Laidlaw  &  Co.,  Glasgow. 
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ia  equally  suitable  for  direct  or  for  alternating  currents.  The  latter  is 
considered  by  certain  authorities  to  be  the  most  suitable  for  driving  such 
machinery  which  requires  to  be  frequently  started  and  stopped  in  the 
manner,  described  above.  In  any  case,  it  is  just  as  well  to  be  able  to 
suit  the  different  requirements  of  a  continuous  or  of  an  altesrnate  current 
supply. 

Considerations  of  the  Different  Ways  for  Driving  Centri- 
fugals.— Before  examining  the  relative  merits  of  the  three  methods  of 
driving  centrifugals,  it  will  first  be  necessary  to  find  out  the  power  actually 
absorbed  by  the  centrifugal  itself,  which,  for  like  machines  working  under 
like  conditions,  will  be  the  same,  irrespective  of  the  kind  of  motor 
employed. 

As  the  fundamental  principles  which  govern  the  power  required  to  set 
a  centrifugal  machine  in  motion  and  maintain  its  speed,  are  applicable  in 
a  like  manner  to  all  kinds  of  machinery,  it  may  be  convenient  to  take  a 
familiar  example  to  illustrate  the  points  which  require  oopsideration. 

Every  one  is  familiar  with  a  railway  train,  which  gradually  increases  its 
speed  as  it  leaves  the  station,  until  a  certain  maximum  speed  ia  reached, 
after  which  the  train's  motion  is  uniform. 

Inertia,  Friction,  and  Windage. — It  has  been  observed,  that  the  train 
does  not  start  at  full  speed  all  at  once,  and  that  after  a  time  the  speed 
does  not  increase  further,  but  becomes  uniform  or  constant.  The  following 
are  the  resistances  which  the  force  exerted  by  the  engine  has  to  over- 
come : — 

(1)  Its  inertia  or  the  resistance  to  motion  which  the  weight  of  the  train 

offers  at  starting. 

(2)  At  the  same  time,  the  statical  and  then  sliding  friction  of  the  moving 

parts. 

(3)  The  resistance  of  the  atmosphere  which  may  be  termed  windage. 

When  the  train  begins  to  move,  inertia  offers  the  greatest  resistance  to 
a  rapid  increase  of  speed  or  acceleration,  then  comes  friction,  and  finally 
windage.  As  the  train  gradually  increases  in  speed,  these  resistances  to 
its  motion  gradually  vary  until  they  assume  a  different  relation  at  its 
maximum  speed.  The  inertia  of  starting  will  be  entirely  overcome, 
whereas  windage  now  offers  the  greatest  resistance  to  any  further  increase 
of  speed,  and  the  sliding  friction  slightly  diminishea  or  remaina  fairly 
constant. 

The  two  following  diagrams  show  these  changes  graphically : — 

At  Starting —                                     At  Full  Speed — 
.     .     .  Inertia.  ^ Inertia. 


Friction.  \ Friction. 


Windage.        -^   ■     •     •  Windage. 

Here  we  see,  that  inertia  has  decreased  from  a  maximum  to  a  minimum, 
and  windage  has  risen  from  a  minimum  to  a  maximum,  while  the  friction 
keeps  an  intermediate  position  in  both  cases. 
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Work  Done  in  Overcoming  Inertia.  — The  work  done  in  overcoming  the 
inertia  of  the  train,  from  starting  till  full  speed  ia  reached,  depends  solely 
upon  the  weight  of  the  train.  Whether  the  train  be  made  to  attain  full 
speed  in,  say,  four  minutes  from  starting  or  in  one  minute,  the  total  work 
done  in  foot-lbs.  will  be  the  same.  In  the  shorter  period  of  one  minute, 
the  locomotive  will  require  to  exert  four  times  the  average  horse-power 
that  it  does  during  the  four-minute  period. 

Work  Done  in  Overcoming  Friction.  — The  resistance  due  to  friction  is 
modified  by  the  conditions  of  speed,  but  is  not  sufficiently  variable  for  our 
present  purpose  to  require  further  investigation. 

Work  Done  in  Overcoming  Windage. — The  rate  at  which  the  resistance 
due  to  windage  increases  at  the  beginning  of  the  train's  motion  is  very 
slow.  But,  as  the  train  increases  in  speed,  the  rate  of  increase  of  this 
resistance  gradually  increases,  until  it  becomes  very  great  when  the  train 
has  attained  a  high  velocity. 

Application  of  the  Foregoing  Principles  to  CerUri/ugaia. — The  conditions 
under  which  a  centrifugal  machine  attains  its  full  speed  are  very  similar 
to  those  described  for  a  railway  train  : — 

(1)  The  work  done  in  overcoming  the  inertia  of  all  the  moving  parts. 

(2)  The  friction  of  the  bearings. 

(3)  The  windage  resistance,  chiefly  between  basket  and  monitor  case. 

Take  the  previous  case  of  a  "Weston  Centrifugal"  having  a  basket 
30  inches  diameter  and  arranged  to  run  at  a  maximum  speed  of,  say,  1,200 
revolutions  per  minute.  Let  it  be  assumed  that  it  is  capable  of  curing 
1  ton  of  dry  sugar  per  hour ;  and  further,  that  the  average  number  of 
charges  are  10  per  hour,  which  is  equivalent  to  a  discharge  of  2  ewts.  of 
dry  sugar  every  six  minutes.  Then,  the  complete  cycle  of  operations  is 
as  follows ; — 

2  minutes  accelerating  to  full  speed. 

2        „       running  at  full  speed. 

2        ,,       stopping  and  discharging. 

Total,    6  minutes  to  complete  the  cycle  of  operations. 

The  basket  is  charged  with  the  material  to  be  dried  during  the  time  of 
acceleration,  and  all  the  charge  is  run  into  it  before  full  speed  is  reached. 

As  a  large  proportion  of  the  molasses  will  be  discharged  during  accelera- 
tion, consequently  a  certain  amount  of  work  is  spent  on  them  during  that 
time,  although  only  2  owts.  of  the  load  has  been  brought  up  to  full  speed. 

It  may,  therefore,  be  assumed,  that  work  done  on  the  mass  is  equivalent 
to  accelerating  or  raising  a  load  of  300  lbs.  from  rest  to  a  speed  of  1,200 
revolutions  per  minute.  In  addition  to  this,  there  is  the  weight  of  the 
revolving  parts  of  the  machine,  about  400  lbs.,  making  a  tfross  load  of 
700  lbs.,  as  illustrated  on  the  taomg  page. 

Work  Done  on  Centrifugal  during  Acceleration  and  during  Full  Speed- 
In  the  previous  calculations  on  the  work  done  in  overcoming  the  inertia  of 
700  lbs.  until  the  agreed-upon  full  speed  of  1,200  revolutions  per  minute 
was  obtained,  it  was  found,  that  an  expenditure  of  201,440  foot-lbs.  of 
work  was  required,  whatever  length  of  time  might  have  been  occupied  in 
the  process.  It  has  been  found  from  actual  experiment,  that  the  centri- 
fugal, under  the  conditions  now  stated,  can  be  run  during  full  speed  with 
full  load  for  an  expenditure  of  about  0-875  H.P.,  or  28.876  foot-lba.  per 
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minute.  This  work  is  entirely  expended  m  overcoming  friction  and 
windage.  During  acceleration  there  is  also  friction  and  windage  to  be 
overcome,  but  as  the  average  number  of  revolutions  per  minute  during 
that  period  is  only  half  of  the  number  of  revolutions  at  full  speed,  it  ia 
suflScient  to  assume  that  the  work  done  on  friction  and  windage,  during  an 

acceleration  period  of  2  minutes,  will  amount  to  — ^ 

=  28,875  foot-lbs.  Therefore,  the  total  work  expended  during  acceleration 
will  be  201,440  +  28,875  =  230,315  foot-lbs.,  and  the  total  work  expended 
during  a  period  of  2  minutes  at  full  speed  will  be  28,876  x  2  =  57,750  foot- 
lbs.  These  two  quantities  may  be  called  the  useful  work  done  during  the 
acceleration  and  full  speed  periods  respectively,  and  are  the  least  possible 
under  the  conditions.  WTiatever  type  ofprvme,  mover  ia  uaed,  that  amount 
of  work  rmist  be  done  during  each  cycle. 

Relative  Effleieneies  of  Three  Different  Ways  of  Driving 
Centrifugals. — Having  thus  determined  the  least  expenditure  of  work 
required  by  the  centrifugal  under  a  given  set  of  conditions,  we  naturally 
inquire  which  method  of  driving  is  the  most  efficient.  Generally  speaking, 
a  few  years  ago  it  was  customary  to  drive  a  battery  of  centrifugals  by 
intermediate  gear  from  one  prime  mover ;  but  now,  a  prime  mover  may 
be  connected  directly  to  the  spindle  of  each  centrifugal. 

Here  it  is  assumed,  that  the  prime  mover  steam  engines  which  drive  the 
batteries  of  centrifugals,  in  the  first  case  by  shafting  and  belting,  and  in 
the  last  case  through  the  intervention  of  a  dynamo  and  electric  motors, 
receive,  cut-off,  and  exhaust  their  steam  at  the  same  rate  and  same 
pressures ;  and,  that  they  are  each  of  90  per  cent,  mechanical  efficiency. 
In  other  words,  that  the  ratio  of  their  B.H.P.  to  their  I.H.P.  is  -9. 

In  many  sugar  factories  all  the  steam  engines  exhaust  into  one  or  more 
steam  mains,  where  the  back  pressure  may  be  maintained  at  from  5  to 
10  lbs.  by  gauge.  This  exhaust  steam  ia  usefully  applied  for  other 
purposes,  such  as  heating  and  boiling.  This  will,  however,  not  affect  the 
relative  or  final  comparative  efficiencies,  if  we  suppose  that  the  steam 
pumps  also  exhaust  into  such  mains  at  the  same  back  pressure  as  the 
steam  engines,  the  chief  differences  being,  that  the  ateam  pumps  receive 
their  steam  during  their  whole  stroke  instead  of  by  an  early  cut-off,  aa  in 
the  case  of  the  steam  engines. 

The  following  table  shows  how  the  power  may  be  transmitted  from  a 
steam  boiler,  of  the  same  efficiency  and  pressure  in  each  case,  to  the 
centrifugals  by  each  of  the  three  methods  of  driving — viz.,  by  Belting,  by 
Pelton  Wheels,  and  by  Electric  Motors — when  considering  a  large  in- 
stallation : — 


456 


LECTURE    XVIIl. 


CURVEJJFENERev  SUPPLIED  BY  JET 


40        50        60         70        80        90        100       HO        120 
DiAOEAM  SHOWING    THE   EnEBGY  SUPPLIED  BT  THE  JeT   TO    THE  PeLTOM 

Wheel  ;  also,  the  Energy  Usefully  Got  Out  and  the  Energy 
Lost  on  account  op  the  Variable  Speed  during  Acceleration. 


Although  the  above  curves  were  plotted  by  the  subBtitutlon  of  certain 
valuea  for  the  eymbol  letters  in  equation  (13)  at  page  451,  and  therefore 
represent  the  probable  maxima  results  obtainable  under  these  conditions 
from  a  Pelton-wheel-driven  centrifugal ;  yet,  they  clearly  indicate  how  the 
corresponding  values  derived  from  actual  tests  should  be  treated.  Those 
who  have  the  opportunity  of  making  practical  tests  of  such  plant  under 
ordinary  working  conditions  should  do  so,  in  order  to  ascertain  the 
efiSoiency  of  the  whole  as  well  as  of  the  various  elements. 
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TaBLB  showing  THB  DiFTBEBNT  TBANSrOKMATIONS  BETWBBN  THE  StEAM 

Boiler  and  the  Centbifugals,  as  well  as  the  Maximum  Efeici- 

BNCIBS  AT  EACH  TrANSEOKMATION  AND  THE  TOTAL  EFFICIENCY  OF  THB 

Three  Chief  Methods  of  Driving  Centrifugals. 


Belting. 

Water  Drive. 

Eleetpie  Drive. 

From    steam  ^ 
boiler      to    ■ 
prime  mover,  J 

Piping      and 
steam  engine,     j 

Long  piping  and 
steam  pump  up 
to  water   motor 
during   working 
and  standing. 

Piping  and 
j  steam  engine. 

Max.  efficiencies, 

90  per  cent. 

55  per  cent. 

90  per  cent. 

1st  transformer, 

[■  Shafting     and"! 
-!  belting      with  j- 
l^friction  pulley.  J 

Kone. 

Dynamo. 

Max.  efficiency, 

55  per  cent. 

... 

90  per  cent. 

2nd  transformer. 

None. 

None,        1 

Cables  and 
Electric  motor. 

Max,  efficiency, 

... 

... 

74  per  cent. 

Power    applied! 
to  centrifugal,  1 

Belt   pulley  ap- 
plied to   centri- 
fugal spindle. 

Pelton    wheel 
on      centrifugal 
spindle. 

Friction  pulley 
of  motor  on  cen- 
trifugal spindle. 

Max.  efficiency, 

60  per  cent. 

72  per  cent. 

70  per  cent. 

Final    or     total 
efficiency, 

90  X  55  X  60  =  30 
per  cent. 

55  X  72  =  40  per 
cent. 

90x90x74x70; 
=  42  per  cent. 

Conclusions. — From  the  above  table  it  will  be  seen,  that  the  oldest  form 
of  driving  centrifugals  by  shafting,  belting,  and  friction  pulleys  is  the 
least  efficient ;  whilst  the  water  and  electric  drives  are  about  equal  in 
efficiency.  Where  a  water  accumulator  plant,  or  where  steam  is  abundant 
and  cheap,  the  water  drive  may  be  preferred.  But,  where  a  suitable 
electric  plant  has  been  installed,  or  where  electric  power  can  be  obtained 
from  a  central  station,  then  electric  motors  may  be  more  convenient. 
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The  following  example  and  answer  will  be  found  useful  in  connection 
with  the  designing  of  Governors : — 

Example  III.  * — Find  the  weight  of  counterpoise  in  a  Watt's  governor, 
when  you  have  the  speed  of  the  governor,  height  of  cone,  centres  and 
diameter  of  balls  fixed.  Also,  how  to  get  the  speed  of  the  governor  at 
mid-position,  when  you  have  all  the  dimensions,  as  given  in  the  sketch. 

Answer. — First  Method. — When  the  arms  DE,  EP  are  unequal,  and 
also  AD,  C F  of  the  governor  are  unequal. 

Let  w  =  The  weight  of  each  ball. 
„     N  =  The  number  of  revolutions  per  minute. 
„     m  =  The  angular  velocity  in  radians  per  second. 
„   W  =  The  suspended  weight,  or  weight  of  counterpoise  required. 
„    H  =  The  height  of  the  cone  in  inches. 


Rise  of  Sleeve  i^y*. 

Sketch  op  a  Loaded  Watt's 

Governor. 


Action  op  the  Loaded  Watt 
Governor. 


Consider  the  equilibrium  of  the  link  E  F,  in  the  skeleton  diagram ;  a 

W 
force  whose  vertical  component  is   -g-  must  be  acting  at  the  point  E, 

because  at  the  point  F  this  is  also  the  magnitude  of  the  vertical  com- 
ponent. If  X  is  the  magnitude  of  the  horizontal  force  acting  at  E,  then, 
taking  moments  about  F,  we  get — 

^  _ JWxEN 

^-        NF 

Now,  if  W  is  known,  X  is  known;  or,  X  =  iW,  where  It  is  equal  to 
-  .^.j,  and  is  obtained  from  the  skeleton  diagram. 

Consider  the  equilibrium  of  the  link  D  E  K,  and  take  moments  about  D. 
Let  F  be  the  centrifugal  force  of  the  ball  acting  at  the  point  K.     Then — 


F.  AL  =  M(. 


W 
JK  +  f  , 


EP  +  X.BP. 


*  This  question  was  asked  and  answered  recently  in  Th.«  Practical  Engineer. 
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Now,  as  all  the  above  values  except  F  are  known,  if  W  is  known,  F  can 
be  obtained;  and,  if  the  speed  is  known,  N  being  revolutions  per  minute — 

.        ,  ,     .,  2,rN 

Angular  velocity  ui  =  - 


Centrifugal  force  P  = 


60 

wr  m^ 


Where  r=:  KL  in  feet,  and  g  =  32'2  feet  per  second  per  second  ;  and  as 
X  =  AW,  W  can  be  calculated.    To  find  the  weight  of  each  ball,  we  have — 

w  =  -27  5  d\ 
o 

Where  d  is  the  diameter  of  a  ball,  and  the  weight  of  a  cubic  inch  of  cast 

iron  is  0-27  lb.    When  A  B  =  C  F  and  D  E  =  E  F,  a  formula  may  be  used— 


=(Ty 


io  +  W=- 

0 


Where  a  =  EM,  and  &  =  MK. 
Taking  the  dimensions  given  by  the  question,  we  get  the  weight  of  each 

''*'"  '•—  ^  22 

w  =  -27^(^3  =  -27  X  1=  X  (5-25)3  =  20-4  lbs. 

„      iW  X  EN      -,      2-45       .....  ,. 
X  =  ^     jjg        =25  X  j^gg  =  14-05  lbs. 

r  =  6'91  inches. 
Then,  substituting  numerical  values  in  the  equation, 

W 

F.AL  =  «).QK  +  -^.EP  +  X.BP, 

we  get,         F  X  9  =  20-4  x  5-41  +  25  x  27  +  14-05  x  4-6, 
9  F  =  110-2  +  67-5  +  63-25  =  240-95  lbs. 
^      240-95      wru? 


=  73-6. 


9 

9 

2 

ffF 

32-2  X  240-95 

X  12 

'     ' 

wr 

9  X  20-4  X  6-91 

Or, 

to  =: 

v'73-6 

=  8-58. 

Remembering 

that* 

•  must  be  in  feet. 

Hence, 

N  = 

60  <o 
27r    " 

60x8-58x7 
2x22 

=  82 

=  82  revolutions  pep  minute. 

(188-2  V  ^"^  ^ 
„    j    ,  willgive  verynearly  the  same  result. 

fa,  =■    8*17  =  E  ]Vr  1 
Calculation  or  measurement  gives  H  =  11-5  inches;  i  j  _  13.40  =  MK  f  ' 

Therefore.         N^  =  ^  .  ^0:1:^^  =  M  .  |,9  ^  ,^,„„. 


Or,  N  =  ^/TJOO  =  87'8  revolutions  per  minute. 
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Second  Method, — The  oentre  weight  of  a  governor  should  bear  a  definite 

ratio  to  the  size  of  engine  for  which  the  governor  is  used.     The  work  of 

the  governor  is  equal  to  the  weight  lifted,  multiplied  by  the  height  of 

2  "25 
lift  in  feet ;  thus,  in  the  question,  it  is  equal  to  50  x-^j^  =  9 '375,  say,  10 

foot-pounds.  For  an  ordinary  throttle- valve  engine,  it  is  usual  to  allow 
J  foot-pound  per  I.H.P.,  so  that  this  governor  would  be  suitable  for  a 
20  I.H.P.  engine.  Having  given  the  speed,  height  of  cone,  or  fixed  the 
height  of  cone,  proceed  to  obtain  the  weight.  Set  out  the  leverages 
A,  B,  C,  D,  as  shown  by  the  diagram. 


SM    ( 


S:.i 


Action  or  the  Loaded  Watt  Govbbkob. 

Let  Ni  =  Speed  or  number  of  revolutions  per  minute  (assumed  280). 
,,   W  =  Weight  in  lbs.  of  counterpoise  required. 
„     w  =  Weight  of  both  balls  =  40  lbs. 
„      r  =  Radius  in  feet  =  "54. 

„   Ng  =  Gravity  revolutions  for  an  ordinary  Watt  governor  (280  revs, 
per  min.  is  about  the  mean  speed  for  these  kinds  of  governors). 

N,  =  ^-^=  -^  =  55 ,  then,  N,=  =  3.025. 

Ni  =  280,  and  Nj"  =  78,400. 
From  the  formula — 

W  =  (Ni"-  Na^)  xCwxrx  -00034  x  g-  x  5) 

W  =  (78,400  -  3,025)  x  (40  x  -54  x  -00034  x  g  >*  ^) 
W  =  75-375  X  -013  =  960  lbs. 

The  balls,  as  shown  by  the  sketch,  are  very  heavy.  Corresponding  with 
the  weight  of  counterpoise,  the  calculated  ratio  is  960  :  40 ;  or,  24  : 1  is 
much  nearer  the  general  practice. 
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Now,  calculating  for  speed  when  W  =  50  lbs.,  we  have — 

xni     XHa  —  ^    g-  —  ^^jg- 

wxrx  -00034 x  =■  x  =; 

^,^^^  +  S^'  =  ,yJ^^+3fi25=  73,846  +  3,025 

Ni  =  x/6,871  =  82  revolutions  per  minute. 

The  method  of  obtaining  the  leverages  is  set  out  in  dotted  lines  on  the 
diagram  and  marked,  and  can  easily  be  obtained  for  any  other  position 
of  the  governor  balls. 

Se  "The  Balancing  of  Machinery." 

Example  IV. — The  crank  arms  and  crank  pin  of  a  crank  shaft  are 
equivalent  to  a  weight  of  700  lbs.  at  1  foot  radius.  The  shaft  ia 
supported  in  two  bearings  5  feet  centre  to  centre,  and  the  central  plane 
of  the  crank  and  crank  pin  is  Ij^  feet  from  centre  of  left-hand  bearing. 
The  diameter  of  shaft  at  journals  is  8  inches.  Find  the  dynamical  load 
on  shaft  and  on  each  bearing  for  a  speed  of  240  revolutions  per  minute. 

If  these  masses  are  unbalanced  calculate  H.P.  lost  at  each  bearing  due 
to  dynamical  load  only,  assuming  a  coefficient  of  friction  of  '05. 

Let  w  =  Equivalent  weight  of  crank  pin,  &o.,  =  700  lbs. 
„    »  =  Linear  velocity  at  which  the  centre  of  mass  of  w  acts  =  ar. 
„    m  =  Angular  velocity  in  feet  per  second  =  2  tt  ?i  =  (2  tt  r  n). 
„    r  =  Radius  at  which  w  acts  =  1  foot. 

„    n  =  Revolutions  per  second  =  (-57^)  =  4. 

„   d  =  Diameter  of  bearing  =  8  inches  =  (rs)  feet. 

See  Vol.   I.,   p.  315,  Lecture  XIL,  equation  XVIII.,  for  centrifugal 
force  F,  or  called  R  above  and  here. 

R  = (but  V  =  2irrn). 

^  _  U)(2irrro)°_  700  (22  X  2  X  I  X  4)  (2  X  22  X  1  X  4) 
gr  32  X  1  X  7  X  7  ' 

R  =  700  X  TT  X  2t  =  2ir2  X  700  =  2  X  987  x  700. 

^bad°on  th^Zft  ' }  =  R  =  19-74  -  W  =  13,828  lbs. 

This  dynamical  load  is  distributed  between  these  two  bearings  in  the 
inverse  ratio  of  the  distances  of  the  centres  of  these  bearings  from  the 
centre  plane  of  the  motion  of  the  centre  of  the  crank  pin  (see  previous  and 
the  following  figure). 

Let  A  and  B  oe  the  two  bearings  5  feet  from  centre  to  centre,  and  you 
are  given  that  the  centre  of  bearing  A  is  1  '5  feet  from  plane  of  rotation  of 
centre  of  crank  pin. 
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But,  dynamical  load  on  A  and  on  B  together  =  13,828  lbs. 
Hence — 
Pressure  on  (A  +  B)    ;    Pressure  on  B  alone    :  :    Distance  A  to  B    :    Distance  A  to  Oi 
13,828  lbs,         :  E^  ::  5  feet  :        1-5  feet. 

Rj  X  5  =  1-5  X  13,828. 

Or,  Pressure  on  B  =  E,  =  '^d'S)  x  13.828  =  .3  ^  jg^ggs. 


^^ 


J 


) 


» 


k--    )  s — f 3  i   »; 

AC  B 

Iase  Diaobam  of  a  Cbank  Shaft  and  Beabikqs. 

Dynamical  pressure  R2  on  bearing  B  =  4,148*4  Ibs. 

Pressure  Rj  on  bearing  A  =  {  13,828  -  4, 148  -4). 
Dynamical  pressure  Rj  on  bearing  A  =  9,679*6  Ibs.,  say,  9,680  lbs. 

Turn  to  Vol.  I.,  Lecture  VII.,  p.  119,  for  equation. 
Work  lost  in  friction  in  one  turn  of  shaft  at  both  journals  =  vduB,. 
„  ,,  ,,  at  journal  A  =  IT  d  fi  Rj. 

And         „  ,,  „  at  journal  B  =  IT  d /I  Rg. 

From  this  a,tudy  p.  120,  same  Lecture  VII.,  and  you  see  that  if  ra  =  4 
revolutions  per  second — i.e.,  240  per  minute. 

And  taking  it  as  per  minute,  we  have  by  the  formula  near  foot  where 

d  =  S  inches  =  I  To  I  foot,  and  we  are  given  n  =  -05,  whilst  Ri  =  9,680  lbs. 

H.P.  lost  in  friction  at  R,  =  — ooTwr** 


22  X  8  X  240  X  -05  X  9,680 

=  7-4 


7  X  12  X  33,000 
_  22  X  8  X  240  X  -05  X  9,680 
"  ~  7  X  12  X  33,000 

H.P.  lost  at  Rj  in  exactly  same  way  =  3'1 

Total  H.P.  lost  at  both  bearings,   .      .    10*5 


H.P.  LOST   AT  BEARINGS   DUE  TO   DYNAMICAL    LOAD. 
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LECTURE  XVIIL— Notes  and  Additions. 

Example  V, — A  rope  wheel,  weighing  I  ton,  and  driving  the  main  shaft 
of  a  mill  at  150  revolutions  per  minute,  caused  the  bearmg  nearest  to  it 
to  heat.  The  distances  of  the  right-hand  and  the  left-hand  bearings  from 
the  centre  of  the  wheel  are,  respectively,  1  foot  9  inches  and  5  feet.  The 
shaft  was  disconnected,  and  it  was  found  by  experiment  that  the  wheel 
was  out  of  balajice  (the  rim  was  not  turned  inside)  to  the  extent  of 
34  pounds  at  2°8  feet  radius.  Find  the  distance  of  the  mass  centre  of  the 
wheel  from  the  centre  of  the  shaft,  and  the  dynamical  load  on  the  bearings. 
Assuming  a  coefficient  of  friction  of  O'l,  find  the  horse-power  required 
to  overcome  the  friction  of  the  bearings  due  to  the  dynamical  load  alone. 
The  diameter  of  the  shaft  is  5  inches.  What  fraction  is  the  dynamical 
load  of  the  static  load  ? 

Answer. — (a)  When  the  sections  of  the  wheel  are  both  equal,  the  mass 
centre  will  be  exactly  in  the  middle  of  the  centre  line  of  the  shaft — i.e., 
it  coincides  with  the  centre  of  gravity. 

In  the  accompanying  diagrams,  the  top  one  represents  the  mass  centre 
line  coinciding  with  the  centre  line  of  shaft  when  the  loads  at  the  ex- 
tremities of  a  diameter  at  the  rim  are  both  equal. 

Wi  =  Wa=  1,120  Iba. 


Diagrammatic  Sketches  of  Rope  Wheel  when  Balanced 
AND  Unbalanced. 

In  the  bottom  diagram,  the  weights  of  the  respective  sections  are  as 
shown.  Then,  the  mass  centre  line  C  D  will  be  out  of  truth  with  the 
centre  line  of  shaft  by  a  certain  distance.  Let  x  feet  represent  this 
distance,  and  taking  moments  about  the  line  C  D,  we  get — 

Wi  X  y  =  Wj  X  z. 
Or,      1,103  X  y  =  l,137  X  z. 

But,  y  +  z  =  2x2*8  feet  =  5-6  feet.  ..  y-- 

Substituting  this  value,  we  obtain — 

_  1,103  X  y  _  1,103  (5-6  -  z)  _  6,177 
''"      1,137     "         1,137         ~  2,240 
»  =  2-8  -  2-757  =  -OiS  of  a  foot. 
Or,  «  =  •043  X  12  =  '516  of  an  inch. 


=  5"6  -  z  feet. 


=  2-757  feet. 
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Therefore,  the  mass  centre  of  the  unbalanced  wheel  is  nearly  i  inch  out 
of  the  true  centre  line  of  rope  pulley. 

(5)  To  find  the  dynamical  load,  which  is  the  load  produced  by  the 
unbalanced  centrifugal  force  of  the  34  lbs.  weight  acting  at  2 '8  feet 

150 

radius  and  turning  at  n  revolutions  per  second  —  -^  =  2*5. 


Total  dynamical  load  K  = 


Wv^     W{2irrnf     34  (2  x  22  x  2-8  x  2-5)' 


gr  gr 

734-5  lbs. 


32x7x7x28 


- — -5 


Sketch  of  Rope  Wheel,  Shaft,  and  Bearings. 

Now,  in  order  to  get  the  dynamical  load  on  each  bearing,  you  must 
divide  this  total  dynamical  load  in  the  inverse  ratio  of  the  lengths  of  the 
respective  arms. 

5 


Dynamical  load  on  the  1  _    5 
right-hand  bearing    /  ~  6'75 

And,  Dynamical  load  on  the  l  _  1'75 
left-hand  bearing     /      6'75 


X  734-5  =  544  lbs.,  weight. 
X  734-5  =  190  lbs.,  weight. 


(c)  Now,  in  order  to  obtain  the  H.P.  lost  by  friction  on  the  bearings — 

/coefficient  of  friction  x  radius  of  journal  in\ 

\      feet  X  III  X  dynamical  load  on  bearing      j 

550 


H.P  = 


Or,     H.P. 


irdn/i'R     22x5xl50x -1x734-5     73-45 


33,000        '     7x12x33,000  168 

{d)  The  relation  of  the  dynamical  load  to  the  statical  load  is- 
Dynamical  load  734-5 


=  -44  H.P.  lost. 


Dead  load  when  machine  is  at  rest      2,240 


=  -328,  or  32-8  pep  cent. 


QUESTIONS.  465 


Leoturb  XVIII.— Questions. 

1.  The  governor  and  flywheel  of  an  engine  have  both  the  purpose  of 
regulating  its  speed.     Explain  how  their  actions  in  this  respect  differ. 

2.  Explain  the  principle  of  Watt's  pendulum  governor,  and  state  its 
advantages  and  defects.  Various  methods  have  been  proposed  for  im- 
proving this  form  of  governor ;  discuss  the  action  of  any  such  modem 
apparatus  with  which  you  are  acquainted. 

3.  What  are  the  principal  essentials  of  a  good  steam  engine  governor  ? 
Sketch,  in  outline,  any  one  form  of  governor  with  which  you  are  acquainted, 
and  explain  to  what  extent  it  is  satisfactory  according  to  the  conditions 
which  you  have  laid  down,  or  how  it  might  be  improved. 

4.  Sketch  the  ordinary  pendulum  or  ball  governor  of  a  steam  engine. 
Mark  on  your  drawing  some  particular  line  whose  length  is  related  to  the 
number  of  revolutions  of  the  balls.  State  the  relation  as  nearly  as  you 
know  it.  If  the  line  referred  to  be  shortened  in  proportion  of  2  :  3,_how 
much  would  the  number  of  revolutions  be  increased  ?    Ans.   «/3  :   V2. 

5.  Sketch  an  ordinary  Watt's  governor,  and  explain  its  action  upon  the 
valve  with  which  it  is  connected.  Why  is  it  an  improvement  to  shift  the 
points  of  suspension  so  that  the  arms  cross  each  other  ? 

6.  Explain  the  advantages  of  the  crossed-arm  governor  for  a  steam- 
engine.  Find  the  height  of  the  cone  when  the  engine  is  making  40 
revolutions  per  minute,  and  prove  the  formula  on  which  you  rely. 

Ans.  1-8  ft. 

7.  Define  the  term  "  isochronous "  as  applied  to  governors.  How  may 
isochronism  be  approximately  obtained  ?  Prove  the  formula,  connecting 
the  height  of  the  cone  of  revolution  and  the  number  of  revolutions  per 
minute,  for  a  simple  pendulum  governor. 

8.  Sketch  the  pendulum  governor  as  Watt  made  it.  From  the  balls  of 
a  common  governor,  whose  collective  weight  is  A,  there  is  hung  by  a  pair 
of  links  (of  lengths  equal  to  the  ball-rods)  a  load,  B,  capable  of  sliding  up 
and  down  the  spindle.  Compare  the  loaded  and  common  governor  as 
regards  sensitiveness,  the  weights  of  the  arms  or  links  being  neglected. 

9.  Find  an  expression  for  the  height  of  the  cone  in  a  loaded  governor 
when  rotating  at  a  given  number  of  revolutions  per  minute.  Show,  by  a 
sketch,  the  coimeotion  of  the  governor  with  a  throttle  valve.  By  what 
arrangement  may  the  tendency  to  over-sensitiveness  be  corrected  ? 

10.  Find  the  height  of  a  simple  or  "Watt"  governor  revolving  at  80 
revolutions  per  minute.  If  the  same  governor  had  a  weight  of  40  lbs. 
attached  to  the  sleeve,  the  balls  weighing  3  lbs.  each,  what  should  be  its 
height,  supposing  the  same  speed  to  be  maintained,  and  the  link  work  to 
be  such  that  the  sleeve  rises  twice  as  fast  as  the  balls  ?  Neglect  the  weight 
of  the  connecting  links.     Ans.  5'5  inches  and  6'5  feet. 

11.  Find  the  height  of  a  simple  conical  pendulum  revolving  at  80  revolu- 
tions per  minute.  If  a  loaded  governor,  making  240  revolutions  per 
minute,  had  a  weight  of  20  lbs.  attached  to  the  sleeve,  the  balls  weighing 
2  lbs.  each,  what  would  be  its  height,  the  vertical  motion  of  the  balls  being 
half  that  of  the  sleeve  ? 

12.  Sketch  and  describe  any  spring-loaded  governor,  and  compare  the 
action  of  the  spring  with  that  of  a  weight. 

13.  What  objection  is  there  to  regulating  the  speed  of  an  engine  by  the 
throttle  valve  ? 
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14.  Explain  what  is  meant  by  automatic  expansion  gear,  showing  wherein 
lie  its  special  advantages  in  the  economic  working  of  an  engine.  Sketch 
such  an  arrangement  and  its  connections. 

15.  Explain  by  the  aid  of  the  necessary  sketches  the  construction  of 
either  the  Armington-Sims  or  the  Westinghouse  high-speed  flywheel 
governor  and  valve  gear.  Show  clearly  how  in  these  arrangements  the 
throw  and  angle  of  advance  of  the  eccentric  are  varied,  whilst  the  lead  is 
kept  constant.  (Robey's  and  Ransoms,  Sims  &  Jefferies'  shaft  governors 
are  similar  to  those  asked  for.) 

16.  What  special  benefit  is  obtained  by  adding  a  relay  to  a  governor  ? 
Sketch  and  describe  a  relay  which  automatically  follows  up  the  motion  of 
the  governor. 

17.  Sketch  Knowles'  supplefiiental  governor  and  describe  its  action. 

18.  Describe  the  pendulum  governor  of  the  Otto  engine,  and  point  out, 
by  reference  to  sketches,  the  manner  in  which  it  acts. 

19.  Explain  clearly  the  arrangement  by  which  the  speed  of  an  Otto  engine 
is  regulated. 

20.  Describe  any  form  of  inertia  governor  used  for  regulating  the  speed 
of  a  gas  engine.- 

21.  Describe,  with  proper  sketches,  a  form  of  vibrating  pendulum 
regulator  as  fitted  to  an  Otto  gas  engine,  and  explain  how  it  acts,  and 
is  made  adjustable.  Assuming  that  the  pendulum  is  actuated  by  the 
rotation  of  the  gas  and  air  valve,  describe  the  mechanism  connecting  the 
end  of  the  valve  with  the  pendulum,  showing  that  it  forms  a  well-known 
combination  in  linkwork. 

22.  Explain  why  it  is  necessary  to  balance  high-speed  machinery,  and 
describe  the  most  approved  method  of  doing  so. 

23.  What  primary  law  in  mechanics  asserts  itself  when  some  revolving 
piece  of  machinery  moves  at  a  high  velocity,  and  is  unbalanced  ?  A  weight 
of  1  lb.  is  placed  on  the  rim  of  a  wheel  2  feet  in  diameter,  which  revolves 
upon  its  axis  and  is  otherwise  balanced.  The  linear  velocity  of  the  rim 
being  30  feet  per  second,  what  is  the  pull  on  the  axis  as  caused  by  the 
weight  of  1  lb.t    Ans.  28-1  lbs. 

24.  Explain  by  sketches  and  description  how  railway  carriage  wheels  for 
express  trains  and  their  axles  are  balanced.  Give  your  reasons  for  and 
against  the  common  workshop  expression  that  a  perfect  statical  balance  it 
not  one  when  the  machine  is  run  at  a  high  speed, 

2o.  Referring  to  Example  III.,  in  this  Lecture,  find  the  weight  of  the 
counterpoise  when  N,  the  revolutions  per  minute,  is  100,  and  the  height 
of  cone.  Sec. ,  are  the  same  as  in  the  sketch. 

26.  A  machine  shaft,  8  feet  long  between  the  centres  of  its  bearings, 
carries  two  weights  of  24  lbs.  and  18  lbs.  at  radii  of  9  inches  and  18  inches 
respectively.  The  planes  of  rotation  of  these  two  weights  are  2  feet  and 
5  feet  respectively  from  the  centre  of  the  left-hand  bearing,  and  the  angle 
between  their  radii  is  90°.  Find  the  two  weights  acting  at  12-iuch  radius, 
and  their  relative  angular  positions  which  will  balance  the  system  when 
placed  in  planes  4  feet  and  7  feet  respectively  from  the  centre  of  the 
left-hand  bearing.  Draw  the  whole  arrangement  to  scale  in  plan  and  end 
elevation. 

27.  Explain,  by  aid  of  diagrammatic  sketches  and  any  analogies  you 
please,  how  the  resistances  due  to  inertia,  friction,  and  windage  vary  from 
the  time  of  starting  to  the  stopping  of  a  centrifugal  sugar-drying  machine. 

28.  Referring  to  p.  4S0,  on  water-driven  centrifugals;  let  W,  the  weight 
of  the  basket  and  load,  be  600  lbs.  ;  N,  the  revolutions  per  minute,  be 
1,000 ;  and  k,  the  radius  of  gyration  of  the  basket  and  load,  be  12  inches. 
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Find  (1)  the  kinetic  energy  at  the  above  speed;  (2)  if  90  seconds  are 
occupied  in  attaining  full  speed,  2 '5  minutes  running  at  full  speed,  and 
100  seconds  in  bringing  the  whole  to  rest,  find  the  foot-lbs.  of  work  done 
and  absorbed  per  minute  during  each  of  these  three  stages. 

29.  By  aid  of  good  sectional  freehand  sketches,  explain  the  construc- 
tion and  action  of  water-  and  electric -driven  centrifugals.  Compare 
the  efficiencies  of  these  two  methods,  and  state  wherein  they  are  to  be 
preferred  to  belt-driven  machines  and  why. 

30.  Explain,  by  aid  of  freehand  sketches,  the  difference  between  the  old 
and  the  latest  methods  of  suspending  the  baskets  and  of  oiling  the  bearings 
of  centrifugal  machines. 
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Lecture  XVIII.— A. M.Inst. C.E.  Exam.  Questions. 

1.  In  a  loaded  governor,  the  four  equal  links  of  which  form  a  parallelo- 
gram with  sides  8  inches  long',  the  balls  weigh  5  lbs.  each,  and  the  load  is 
20  lbs.  Find  the  speed  when  the  links  stand  at  right  angles.  Mnd  also 
what  increase  of  speed  is  required  to  raise  the  load  J  inch  higher. 

(I.C.E.,#e6.,  1898.) 

2.  Describe  exactly  what  is  the  object  of  using  a  load  on  a  watt 
governor.     Prove  what  you  say  to  be  correct.     (I.C.B.,  Oct.,  1898.) 

3.  The  rods  and  links  of  a  Porter's  loaded  governor  are  each  1  foot  long, 
the  balls  each  weighing  2  lbs.,  and  the  load  12  lbs.  The  valve  is  full  open 
when  the  arms  are  at  30°  to  the  vertical,  and  shut  when  they  are  at  45°. 
The  velocity  ratio  between  the  engine-shaft  and  the  governor-spindle  is  2. 
Find  the  extreme  working  speeds  of  the  engine. 

(I.C.E.,  Oci.,  1900,  and  F^.,  1903.) 

4.  Show  that  the  height  of  a  simple  revolving  pendulum  when  making 

ji  revolutions  per  minute  is,  approximately,  — '-^ —  inches.     The  balls  of  an 

unloaded  governor  each  weigh  20  lbs.,  the  arms  and  slide  links  are  all 
equal,  and,  when  running  at  80  revolutions  per  minute,  the  actual  height 
of  the  governor  is  7  inches.  Calculate  the  pull  on  the  slides  at  this 
speed.     (I.C.E.,  Oct.,  1902.) 

5.  What  are  the  difficulties  to  be  overcome  in  governing  turbines  to  run 
at  constant  speed  ?  Describe  two  methods  of  governing.  (I.  C.  E. ,  Oct. ,  1902. ) 
(See  also  Lecture  V.,  Vol.  IV.,  on  "  Turbines.") 

6.  Explain  the  use  of  a  governor  for  a  motor,  quoting  an  instance  in 
which  it  may  be  dispensed  with.  State  and  explain  the  causes  which 
prevent  governors  of  ordinary  design  from  exactly  accomplishing  the 
desired  purpose,  and  mention  some  devices  by  which  the  imperfections 
can  be  lessened.  State  the  nature  of  the  special  arrangements  requisite 
in  the  case  of  a  gas  engine,  a  marine  engine,  or  a  large  hydraulic  motor. 
(LC.E.,  Feb.,  1905.) 

7.  What  is  meant  by  the  "stability"  of  a  steam  engine  governor? 
Show  that  with  a  stable  governor  the  engine  will  run  at  lower  speed 
at  full  load  than  at  light  loads.  Explain  the  principle  of  the  Knowles 
secondary  governor,  which  maintains  the  speed  constant  at  all  loads. 
(LO.B.,  Fd).,  1906.) 

8.  Sketch  and  describe  any  one  form  of  spring-loaded  governor,  and 
sketch  the  curve  connecting  the  controlling  force  with  the  radius  of  the 
path  of  the  mass  centre  of  the  balls,  assuming  that  the  control  is  due  to 
the  spring  alone.     (I.C.E.,  Oc«.,  1906.) 

9.  What  is  the  essential  difference  between  a  centrifugal  and  an  inertia 
governor?  Give  hsind-sketches  of  each  kind  as  applied  to  the  form  of 
governor  known  as  the  flywheel  type  (also  known  as  a  shaft  governor), 
and  suitable  for  shifting  an  eccentric  actuating  the  admission  valve. 

(LC.E.,  Oct.,  1907.) 

10.  A  crank-shaft  has  four  cranks  spaced  at  2  feet  intervals,  whose  phase 
angles  reading  from  one  end  are  0°,  90°,  180°,  and  270°  respectively.  The 
rotating  masses  are  equivalent  to  masses  of  200,  400,  300,  and  250  lbs. 
respectively,  all  at  1  foot  radius.  Reduce  the  centrifugal  forces  due  to 
rotation  of  the  shaft  in  its  bearings,  to  a  single  force  and  a  couple  in  a 
plane  perpendicular  to  the  single  force.  (Foinsot's  central  axis.)  Take 
the  angular  velocity  as  unity.  (LC.E.,  Oct.,  1908.) 


A.M.IN8T.C.E.   QUESTIONS.  4:69 

11.  What  are  the  usual  assumptions  made  in  oaloulating  the  magnitude 
and  position  of  the  balance-weights  required  on  an  ordinary  uncoupled 
locomotive  engine  ?    Explain  how  you  would  calculate  these  weights. 

(I.C.E.,  Oct.,  1908.) 

12.  An  engine  of  800 1.H.  P.  runs  at  120  revolutions  per  minute.  Within 
what  percentage  could  its  speed  be  controlled  by  a  governor  if  its  load 
were  suddenly  reduced  75  per  cent,  and  as  suddenly  again  increased  ? 
Sketch  any  type  of  governor  with  which  you  are  familiar  which  would 
control  the  speed  within  the  limits  given  by  you.  (I.C.E.,  Oct.,  1908.) 
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MAY  EXAMINATION  ON   SUBJECT  VIlA. 
APPLIED  MECHANICS.* 

BT  THB  BOARD  OF  EDUCATION  SECONDARY  BRANCH, 
SOUTH  KENSINGTON,  LONDON. 


GENERAL  INSTRUCTIONS. 
If  the  rnles  are  not  attended  to,  your  paper  will  be  cancelled. 

Immediately  before  the  Examination  commences,  the  following 

REGULATIONS  are  TO  BE*  READ  TO  THE 

CANDIDATES. 

Before  commencing  your  work,  you  are  required  to  fill  up  the  numbered 
Blip  which  is  attached  to  the  blank  examination  paper. 

You  may  not  have  with  you  any  books,  notes,  or  scribbling  paper. 

You  are  not  allowed  to  write  or  make  any  marks  upon  your  paper  of 
questions,  or  to  take  it  away  before  the  close  of  the  examination. 

You  must  not,  under  any  circumstances  whatever,  speak  to  or  communi- 
cate with  one  another,  and  no  explanation  of  the  subject  of  examination 
may  be  asked  or  given. 

You  must  remain  seated  until  your  papers  have  been  collected,  and  then 
quietly  leave  the  examination  room.  None  of  you  will  be  permitted  to 
leave  before  the  expiration  of  one  hour  from  the  commencement  of  the 
examination,  and  no  one  can  be  re-admitted  after  having  once  left  the  room. 

Your  papers,  unless  previously  given  up,  will  all  be  collected  at  10 
o'clock. 

If  any  of  you  break  any  of  these  rules,  or  use  any  unfair  means,  you  will 
be  expelled,  and  your  paper  cancelled, 


Before  eommeneing  your  work,  you  must  carefully 
read  the  following  instructions  :— 

Camdidatea  who  have  allied  for  examination  in  the  Mlem^ntmry  Stage 
must  confine  themselves  to  that  stage.  Candidates  who  have  not  allied  to 
take  the  Mementajry  Stage  may  take  Stage  B,  or  Stage  S,  or,  if  eligible. 
Honours,  but  they  must  confine  themselves  to  one  of  them. 

Put  the  number  of  the  question  before  your  answer. 

You  are  to  confine  your  answers  strictly  to  the  questions  proposed. 

Such  details  of  your  calculations  should  be  given  as  will  show  the 
methods  employed  in  obtaining  arithmetical  results. 

A  table  of  logarithms  and  functions  of  angles  and  useful  constants 
and  formulae  is  supplied  to  each  candidate.  (See  end  of  Appendix  to 
this  Book.) 

The  examination  in  this  subject  lasts  for  three  hours. 
*  See  Appendix  'B  for  the  latest  Exam.  Papers. 
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DEPAETMENT   OF  TECHNOLOGY. 


TECHIfOLOGICAL   EXAMINATIONS. 


46.— MECHANICAL     ENGINEERING.* 

HoNOUES  Grade  (Written  Examination). 

Instructions. 

The  Candidate  for  Honours  must  have  previously  passed  in  the  Ordinary 
Grade,  and  is  required  to  pass  a  Written  and  Practical  Examination.  He 
is  requested  to  state,  on  the  Yellow  Form,  whether  he  has  elected  to  be 
examined  in  A,  Machine  Designing,  or  in  B,  Workshop  Practice  (a)  Fitting, 
(b)  Tv/ming,  (c)  PattemmaMng.  Candidates  in  Machine  Designing  must 
forward  their  work  to  London  not  later  than  May  6th,t  and  in  Workshop 
Practice  not  later  than  May  ISth.t 

The  number  of  the  question  must  be  placed  before  the  answer  in  the 
worked  paper. 

The  Candidate  is  at  liberty  to  use  divided  scales,  compasses,  set  squares, 
calculators,  slide  rules,  and  mathematical  tables. 

Five  marks  extra  will  be  awarded  for  every  answer  worked  out  with  the 
slide  rule,  provided  the  method  of  working  is  explained. 

The  maximum  number  of  marks  obtainable  is  affixed  to  each  question. 

Three  hours  allowed  for  this  paper. 

The  Candidate  is  not  expected  to  answer  more  than  eight  of  the  following 
questions,  which  must  be  selected  from  two  sections  only. 

*  The  questions  in  Sections  A  and  C  may  be  answered  from  Vols.  I.  to 
V.  of  my  Text-Book  on  Applied  Mechanics.  Section  B  is  printed  in  my 
Text-Book  on  Steam  and  Steam  Engines.  The  Questions  for  the  Ordinary 
Grade  are  printed  at  the  end  of  my  Mementaay  Manual  on  Applied 
Mechanics. 

*  ^lee  Appendix  Bfor  the  latest  Exam.  Papers. 

f  These  dates  are  only  approximate,  and  subject  to  a  slight  alteration 
each  year. 
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Extracts  from  Rules  and  Syllabus  of  Examinations   for 
ELECTION   OF   ASSOCIATE   MEMBERS. 

Note. — Engineers  who  desire  to  enter  for  the  A.M.Inst.C.E.  examina- 
tions should  write  at  once  to  the  Secretary,  Great  George  Street,  West- 
minster, S.W.,  for  the  complete  Rules,  Syllabus,  and  Application  Forms. 
They  will  find  all  the  questions  relating  to  the  above  mentioned  subjects 
which  have  been  set  since  these  examinations  commenced  in  1897  in  my 
Text-Books. 

The  following  extracts  are  simply  printed  here  to  show  how  far  my  books 
upon  Applied  Mechanics  and  MechamccU  Engineering  ;  Steam,  and  Steam 
Engines,  including  Turbines  and  Boilers;  as  well  as  Magnetism  ami  Electricity 
(including  Munro  &  Jamieson's  Pocket-Booh  of  Electrical  Rules  and  Tables), 
together  with  my  "  Correspoindence  System  of  Electrical  and  Mechanical 
Engineering  Science,  as  taught  by  Exercises,  Drawings,  and  Instructions" 
cover  the  Scientific  and  Practical  Knowledge  demanded  by  the  Institution, 
under  Part  II.,  Section  A  (1,  2,  3a,  and  36),  as  well  as  Section  B  under 
Group  i.,  Theory  of  Heat  Engines;  Group  ii..  Hydraulics  and  Theory  of 
Machines  ;  and  Group  iii..  Applications  of  Electricity. 

Note  for  Students. — In  the  regulations  for  Students  one  of  the  subjects 
which  may  be  selected  is  that  of  Elementary  Mechanics  of  Solids  and 
Fluids,  for  which  see  my  Elementary  Applied  Mechanics  when  studying 
this  subject.  Also,  see  my  Elementa/ry  Magnetism  and  Electricity  boos 
when  reading  that  part  of  the  Elemental^  Physics  for  admission  of 
Students,  or  correspond  with  me  re  those  two  subjects. 

Part  II.* — Scientific  Knowledge. 
Section  A. 

1.  SlechaniCS  (one  Paper,  time  allowed,  3  hours). 

2.  Strength  and  Elasticity  of  Materials  (one  Paper,  time  allowed, 
3  hours). 

*  Candidates  may  offer  themselves  for  examination  in  Sections  A  and  B 
of  Part  II.  together ;  or  they  may  enter  for  Section  A  alone,  and,  if  suc- 
cessful, may  take  Section  B  at  a  subsequent  examination.  In  the  latter 
case,  however,  such  candidates  will  not  be  allowed  to  present  themselves 
for  examination  in  Section  B  unless  or  until  they  are  actually  occupied  in 
work  as  pupils  or  assistants  to  practising  Engineers.  The  Council  may 
permit  Candidates  who  have  attempted  the  whole  of  Part  II.  at  one 
examination,  and  have  failed  in  Section  B  only,  to  complete  their  qualifica- 
tion by  passing  in  that  section  at  a  subsequent  examination,  subject  to 
their  being  then  occupied  as  above  stated. 
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3.  Either  (a)  Theory  of  Structures, 

or  (6)  Theory  of  Electricity  and  Haguetism  (one  Paper, 
time  allowed,  3  hours). 

Section  B. 

Two  of  the  following  nine  subjects — not  more  than  one  from  any  group 
(one  Paper  in  each  subject  taken,  time  allowed,  3  hours  for  each  Pofper) : — 

Group  i.  Group  ii.  Group  iii. 

Geodesy.  Hydraulics.  Geology  and  Mineralogy, 

Theory  of  Heat  Engines.  Theory  of  Machines.  Stability  and  Resistance  of 

Thermo-  and  Electro-  Metallurgy.  Ships. 

Chemistry,  Applications  of  Electricity. 

Mathematics. — ^The  standard  of  Mathematics  required  for  the  Papers  in 
Part  II.  of  the  examination  is  that  of  the  mathematical  portion  of  the 
Examination  for  the  Admission  of  Students,  though  questions  may  be  set 
involving  the  use  of  higher  Mathematics. 

The  range  of  the  examinations  in  the  several  subjects,  in  each  of  which 
a  choice  of  questions  will  be  allowed,  is  indicated  generally  hereunder : — 

SxcilON  A. 

1.  Mechanics:— 

Statics. — Forces  acting  on  a  rigid  body;  moments  of  forces,  composition, 
and  resolution  of  forces ;  couples,  conditions  of  equilibrium,  with  applica- 
tion to  loaded  structures.  The  foregoing  subjects  to  be  treated  both 
graphically  and  by  aid  of  algebra  and  geometry. 

Hydrostatics. — Pressure  at  any  point  in  a  gravitating  liquid  ;  centre  of 
_pressure  on  immersed  plane  areas ;  specific  gravity. 

Kinematics  of  Plane  Motion. — Velocity  and  acceleration  of  a  point ; 
instantaneous  centre  of  a  moving  body. 

Kinetics  of  Plane  Motion.  —  Force,  mass,  momentum,  moment  of 
jnomentum,  work,  energy,  their  relation  and  their  measure ;  equations  of 
motion  of  a  particle ;  rectilinear  motion  under  the  action  of;  gravity ; 
falling  bodies  and  motion  on  an  inclined  plane ;  motion  in  a  circle ;  centres 
of  mass  and  moments  of  inertia;  rotation  of  a  rigid  body  about  a  fixed 
axis;  conservation  of  energy. 

2.  Strength  and  Elasticity  of  Materials  :— 

Physical  properties  and  elastic  constants  of  cast  iron,  wrought  iron, 
steel,  timber,  stone,  and  cement;  relation  of  stress  and  strain,  limit  of 
elasticity,  yield-point.  Young's  modulus  ;  coefficient  of  rigidity  ;  extension 
and  lateral  contraction ;  resistance  within  the  elastic  limit  in  tension, 
compression,  shear  and  torsion;  thin  shells;  strength  and  deflection  in 
simple  cases  of  bending ;  beams  of  uniform  resistance ;  suddenly  applied 
loads. 

Ultimate  strength  with  different  modes  of  loading ;  plasticity,  working 
stress ;  phenomena  in  an  ordinary  tensile  test ;  stress-strain  diagram  ; 
elongation  and  contraction  of  area ;  effects  of  hardening,  tempering  and 
annealing  ;  fatigue  of  metals  ;  measurement  of  hardness. 

Forms  and  arrangements  of  testing  machines  for  tension,  compression, 
torsion,  and  bending  tests ;  instruments  for  measuring  extension,  compres- 
sion, and  twist ;  forms  of  test  pieces  and  arrangements  for  holding  them  j 
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influence  of  form  on  strength  and  elongation  ;  methods  of  ordinary  com- 
mercial testing ;  percentage  of  elongation  and  contraction  of  area ;  test 
conditions  in  specifications  for  cast  iron,  mild  steel,  and  cement. 

3.  (a)  Theory  of  Structures  :— 

,  Graphic  and  analytic  methods '*f or  the  calculation  of  bending  moments 
and  of  shearing  forces,  and  of  the  stresses  in  individual  members  of  frame- 
work structures  loaded  at  the  joints ;  plate  and  box  girders ;  incomplete 
and  redundant  frames  ;  stresses  suddenly  applied,  and  effects  of  impact ; 
buckling  of  struts ;  effect  of  different  end-iastenings  on  their  resistance ; 
combined  strains ;  calculations  connected  with  statically  indeterminate 
problems,  as  beams  supported  at  three  points,  &o. ;  travelling  loads ; 
riveted  and  pin-joint  girders ;  rigid  and  hinged  arches ;  strains  due  to 
weight  of  structures ;  theory  of  earth-pressure  and  of  foundations ;  stability 
of  masonry  and  brickwork  structures. 

3.  (6)  Theory  of  Electricity  and  Magnetism  :— 

Electrical  and  magnetic  laws,  units,  standards,  and  measurements; 
electrical  and  magnetic  measuring  instruments ;  the  theory  of  the 
generation,  storage,  transformation,  and  distribution  of  electrical  energy ; 
continuous  and  alternating  currents ;  arc  and  incandescent  lamps ; 
secondary  cells. 

Section  B. 
Group  i.  Theory  of  Heat  Engines  ;-- 

Thermodynamic  laws ;  internal  and  external  work ;  graphical  repre- 
sentation of  changes  in  the  condition  of  a  fluid ;  theory  of  heat  engines 
working  with  a  perfect  gas ;  air-  and  gas-engine  cycles ;  reversibility, 
conditions  necessary  for  maximum  possible  efficiency  in  any  cycle ;  pro- 
perties of  steam ;  the  Carnot  and  Clausius  cycles ;  entropy  and  entropy- 
temperature  diagrams,  and  their  application  in  the  study  of  heat  engines  ; 
actual  heat  engine  cycles  and  their  thermodynamic  losses ;  effects  of 
clearance  and  throttling ;  initial  condensation ;  testing  of  heat  engines, 
and  the  apparatus  employed ;  performances  of  typical  engines  of  different 
classes ;  efBciency. 

Group  ii.  Hydraulics: — 

The  laws  of  the  flow  of  water  by  orifices,  notches,  and  weirs ;  laws 
of  fluid  friction;  steady  flow  in  pipes  or  channels  of  uniform  section; 
resistance  of  valves  and  bends ;  general  phenomena  of  flow  in  rivers : 
methods  of  determining  the  discharge  of  streams ;  tidal  action ;  genera- 
tion and  effect  of  waves;  impulse  and  reaction  of  jets  of  water;  trans- 
mission of  energy  by  fluids ;  principles  of  machines  acting  by  the  weight, 
pressure,  and  kinetic  energy  of  water ;  theory  and  straoture  of  turbines 
and  pumps. 

Theory  of  Machines: — 

Kinematics  of  machines  ;  inversion  of  kinematic  chains;  virtual  centres; 
belt,   rope,   chain,   toothed   and   screw  gearing;    velocity,   acceleration 
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and  effort  diagrams ;  inertia  of  reciprocating  parts ;  elementary  oases  of 
balancing ;  governors  and  flywheels ;  friction  and  efficiency ;  strength  and 
proportions  of  machine  parts  in  simple  cases. 

Group  iii.  Applications  of  Electricity : — 

Theory  and  design  of  continuous-  and  alternating-current  generators  and 
motors,  synchronous  and  induction  motorS'  and  static  transformers  ;  design 
of  generating-  and  sub-stations  and  the  principal  plant  required  in  them  ; 
the  principal  systems  of  distributing  electrical  energy,  including  the 
arrangement  of  mains  and  feeders ;  estimation  of  losses  and  of  efficiency ; 
principal  systems  of  electric  traction;  construction  and  efficiency  of  the 
principal  types  of  electric  lamps. 


SS"  Candidates  should  see,  that  all  their  "Forms"  are  duly  completed  and 
passed  by  the  Council  of  the  Institution  of  Civil  Engineers,  Great 
George  Street,  Westminster,  S.W.,  before  1st  January  for  the  Feb- 
ruary Examination,  and  be/ore  the  1st  September  for  the  October 
Examination.  Candidates  should,  therefore,  apply  to  the  Secretary 
for  the  "Forms,'' ai  least  six  months  be/ore  these  Examinations,  to 
give  them  time  to  make  due  and  proper  Application,  and  to 
thoroughly  Bevise  the  subjects  upon  which  they  are  to  be  examined 
with  an  experienced  Guide  and  Tuition  by  Correspondence. 

Examinations  Abroad. — The  papers  of  the  October  Examination 
only  will  be  placed  before  accepted  Candidates  in  India  and  the 
Colonies.  To  enable  the  Secretary  to  make  arrangements  for  the 
Application  Forms  and  Fees,  &c.,  of  these  Candidates,  their  Forms, 
&c.,  must  be  in  the  Secretary's  hands,  before  the  1st  June  preceding 
the  October  Examinations. 

N.B. — See  Appendix  B  for  the  latest  Exam.  Papers  in  Theory  of  Machines. 
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THE   INSTITUTION   OF   CIVIL   ENGINEERS. 


ELECTION  OF  ASSOCIATE  MEMBERS. 


THEORY  OF  MACHINES. 


Not  more  than  bight  questions  to  be  attempted  by  any  Candidate, 

February,  1909. 

1.  Sketch  the  ideal  mechanism  for  a  reciprocating  steam  engine.  If  the 
stroke  is  3  feet  and  the  length  of  the  connecting-rod  five  times  that  of  the 
crank,  draw  the  path  of  the  virtual  centre  between  the  crank  and  cross- 
head  for  one  complete  revolution. 

2.  Sketch  any  arrangement  of  four  toothed  wheels  by  which  a  ratio  of 
ii^oir  could  be  transmitted  in  a  practicable  and  satisfactory  manner.  Give 
the  number  of  teeth  in  each  wheel. 

3.  Draw  a  diagram  showing  the  velocity  ratio  between  the  framework 
and  flywheel  radius  of  a  donkey  pump  based  on  the  infinite  connecting-rod 
mechanism.  Show  the  position  of  all  the  virtual  centres  for  the  mechanism. 
How  could  the  same  velocity  ratio  be  obtained  by  the  use  of  spur  wheels  ? 

4.  Design  an  involute  tooth  for  a  pair  of  spur  wheels,  of  which  the 
smaller  wheel  is  10  inches  in  diameter,  to  transmit  20  H.  P.  at  400  revolu- 
tions per  minute  of  the  smaller  wheel  and  an  approximate  velocity  ratio  of 
S  to  1.     How  many  teeth  would  you  put  in  each  wheel  ? 

5.  Briefly  explain  how  a  formula  may  be  obtained  for  the  determination 
of  the  size  of  a  leather  belt  to  transmit  a  given  horse-power  at  a  given 
speed.  State  any  assumptions  made  and  give  the  approximate  limits  of 
speed  of  belt  beyond  which  practical  difficulties  might  be  expected  to  arise 
and  the  nature  of  those  difficulties. 

6.  Explain  the  terms  powerfulness,  sensitiveness,  isochronism,  as  ap- 
plied to  governors.  Show  how  each  maybe  attained  in  an  actual  governor. 
Mention  any  difficulties  in  the  way  of  making  any  of  these  qualities 
approach  perfection. 

7.  Sketch  the  arrangement  for  altering  the  cut-oBf  in  a  steam  engine 
with  either  (1)  Joy's  valve  gear;  or  (2)  Stephenson's  gear;  or  (3)  Corliss 
gear.  Show  diagrammatioally  the  effect  on  the  steam  distribution  of  such 
alteration  of  cut-off. 

8.  An  engine  of  100  brake  H.P.  running  at  330  revolutions  per  minute 
runs  so  that  its  maximum  rate  is  not  greater  than  335  and  its  minimum 
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less  than  325  revolutions  per  minute.  Calculate  the  moment  of  inertia  ot 
the  flywheel  required.  The  fluctuation  in  energy  is  5  per  cent,  each  side 
of  the  mean  per  stroke  and  the  load  overcome  is  constant, 

9.  Sketch  and  explain  the  method  of  adjustment  for  wear  of  either 
(1)  a  plummer-blook  for  a  screw  propeller  shaft ;  or  (2)  a  stuffing-box  for 
a  locomotive  piston-rod ;  or  (3)  a  differential  gear  for  a  motor-car. 

10.  Why  is  it  not  possible  to  completely  balance  the  moving  parts  of  a 
reciprocating  engine  ?    Explain  what  compromise  is  usually  adopted. 

1 1.  Show  how  the  inertia  of  the  moving  parts  of  a  reciprocating  engine 
aflfeots  the  diagram  for  the  torque  on  the  crank-shaft. 

12.  Over  200  H.P.  has  to  be  transmitted  from  one  shaft  running  at  200 
revolutions  per  minute  to  another  parallel  and  in  close  proximity  to  it 
running  at  300  revolutions  per  minute.  Sketch  any  method  by  which  this 
could  be  efficiently  accomplished,  stating  the  conditions  which  must  be 
satisfied  to  obtain  a  satisfactory  result. 


October,  1909. 

1.  The  connecting-rod  of  a  steam  engine  is  52  inches  long,  and  the  crank 
radius  is  13  inches.  Find  the  angular  velocity  of  the  crank  shaft  relative 
to  the  main  bearing,  the  angular  velocity  of  the  crank-pin  relative  to  the 
connecting-rod  bearing,  and  the  angular  velocity  of  the  connecting-rod 
relative  to  the  crosshead  pin ;  when  the  crank  has  turned  through  30° 
from  the  inner  dead  centre  and  the  revolutions  are  200  per  minute.  The 
angular  velocities  are  to  be  expressed  in  radians  per  second. 

2.  The  reciprocating  parts  of  a  steam  engine  weigh  8J  tons ;  the  con- 
necting-rod is  17'5  feet  long,  and  the  crank  radius  is  3  feet.  Calculate  the 
force  required  for  acceleration  of  the  reciprocating  masses  at  the  beginning 
and  end  of  the  stroke  respectively,  when  the  speed  is  60  revolutions  per 
minute. 

3.  A  train  weighing  200  tons  is  travelling  at  40  miles  per  hour  up  a  bank 
of  1  in  75,  against  a  tractive  resistance  of  25  lbs.  per  ton.  Find  the  horse- 
power necessary  to  maintain  the  speed. 

4.  The  tup  of  a  drop  forging  plant  is  sometimes  lifted  by  means  of  a 
belt  passed  over  a  revolving  pulley  on  a  main  shaft  running  above  the 
hammers.  The  belt  over  the  pulley  is  arranged  so  that  one  end  is 
attached  to  the  tup  whilst  the  other  end  hangs  free,  and  within  reach  of 
the  smith  operating  the  hammer.  Suppose  the  are  of  contact  between  the 
belt  and  the  pulley  is  180°,  and  that  the  coefficient  of  friction  between  the 
leather  and  the  pulley  is  0'5,  find  what  weight  of  tup  could  be  lifted  when 
the  smith  exerts  a  pull  of  50  lbs,  on  the  free  end  of  the  belt. 

5.  The  cylinders  of  a  four-cylinder  vertical  marine  engine  are  pitched  at 
equal  distances  apart.  The  reciprocating  masses  belonging  to  each  of  the 
two  middle  lines  of  parts  weigh  1  ton.  The  cranks  of  the  middle  pair  of 
cylinders  are  set  at  an  angle  of  100°.  Find  the  angle  between  each  outside 
crank  and  its  neighbour,  and  the  weight  of  each  of  the  outer  reciprocating 
line  of  parts,  bo  that  the  engine  shall  be  in  balance  for  primary  forces 
and  couples. 

6.  Make  a  sketch  of  any  one  form  of  governor  in  which  the  control  is 
effected  mainly  by  a  spring.  Distinguish  between  stable  and  unstable 
conditions  of  running,  and  show,  by  the  aid  of  a  diagram,  how  the 
stability  is  affected  by  the  initial  compression  (or  tension)  of  the  control- 
ling spring. 
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7.  Make  a  sketch  of  the  application  of  an  epicyclio  train  of  wheels  to 
any  purpose  which  has  come  under  your  notice,  and  show  how  to  find  the 
relative  velocity  of  the  first  and  last  piece  in  the  train. 

8.  The  difference  between  the  driving  and  the  back  pressures  in  a 
steam-engine  cylinder  is  60  tons  when  the  crank  is  30°  from  the  inner  dead 
point.  The  reciprocating  parts  weigh  7  tons.  The  connecting-rod  is 
five  times  as  long  as  the  crank,  which  is  3  feet  radius.  Calculate  the 
corresponding  value  of  the  turning  moment  in  the  crank  shaft  when  the 
speed  is  60  revolutions  per  minute.  (Any  graphical  methods  may  be  used 
in  the  solution  of  this  problem.) 

9.  Make  a  sketch  of  a  piston  valve  in  its  central  position  over  the  ports, 
and  arranged  to  take  steam  on  the  inside  of  the  valve.  Assuming  the 
valve  to  be  operated  by  a  simple  valve  gear  with  a  single  eccentric  sheave, 
find  the  radius  of  the  eccentric  sheave,  its  angular  position  with  regard  to 
the  crank,  and  the  steam  lap,  so  that  out-oflF  may  take  place  when  the 
crank  is  at  120°  from  the  dead  point,  the  lead  and  the  maximum  port 
opening  for  steam  being  respectively  ^^  inch  and  1  inch.  (Neglect  the 
effect  of  the  obliquity  of  the  connecting-rod. ) 

19.  Make  a  sketch  of  a  Joy  valve  motion,  and  point  out  clearly  how 
reversal  of  the  engine  is  determined  by  the  gear,  and  how  the  cut-off  in  the 
cylinder  may  be  varied. 

11.  It  has  been  found  by  experiment  that,  with  the  regulator  wide  open 
and  a  given  cut-off  in  a  locomotive  cylinder,  the  mean  pressure  is  a 
function  of  the  piston  speed  of  the  form 

p  =  a  -  c  »5 

where  a  and  c  are  constants,  %>  is  the  mean  pressure  in  lbs.  per  square 
inch,  and  v  is  the  piston  speed  in  feet  per  minute.  Show  from  this  that 
there  is  one  piston  speed  at  which  the  horse-power  is  a  maximum  for  the 
given  cut-off,  and  determine  what  this  piston  speed  is  when  c  =  0*068  and 
a  =  99. 

12.  Make  a  sketch  of  any  one  type  of  axle-box  suitable  for  the  main 
journals  of  the  driving  axle  of  a  locomotive.  Show  clearly  the  arrange- 
ments maae  for  luorioation — m  sketch  a  bearing  for  one  of  the  crank-shaft 
journals  of  a  high-speed  engine  arranged  for  forced  lubrication. 


Felrvary,  1910. 

1.  Draw  a  diagram  showing  the  velocity  of  the  crosshead  in  the  case  of 
an  ordinary  steam  engine  mechanism  where  the  connecting-rod  is  fom" 
times  the  length  ot  the  crank,  and  the  crank,  which  is  1  foot  radius,  revolves 
uniformly  at  60  revolutions  per  minute.  Determine  from  your  diagram 
the  maximum  crosshead  velocity  and  the  corresponding  crank  angle. 

2.  Give  any  graphical  construction  by  means  of  which  the  acceleration 
of  the  piston  of  a  steam  engine  can  be  found  for  any  assigned  position  of 
the  crank  and  speed  of  rotation.  Apply  the  construction  to  find  the  acceler- 
ation in  the  case  where  the  crank  is  1  foot  radius,  the  connecting-rod  3  feet 
6  inches  long,  and  the  crank  is  at  45°  from  the  inner  dead  centre.  Speed 
300  revolutions  per  minute. 

3.  A  5  horse-power  motor,  the  armature  of  which  runs  at  500  revolutions 
per  minute,  is  connected  by  a  belt  to  a  shaft  which  is  to  run  at  300  revolu- 
tions per  minute.     Assume  that  the  ratio  of  the  tensions  of  the  tight  and 
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slack  sidea  of  the  belt  is  2  to  1.  Find  the  width  of  the  belt,  allowing  a 
maximum  tension  of  100  lbs.  per  inch  of  width.  The  diameter  of  the 
pulley  on  the  armature  is  10  inches. 

4.  Find  the  speed  at  which  an  engine,  whose  centre  of  gravity  is  5  feet 
above  rail  level,  would  first  be  unstable  on  u,  curve  of  10  chains  radius 
without  superelevation  and  4  feet  8J  inches  gauge — i.e.,  say,  5  feet  centre 
to  centre  of  raUs. 

5.  The  velocity  ratio  between  the  first  motion  shaft  and  the  chain  barrel 
of  a  crane  is  to  be  105  :  1.     Design  a  suitable  train  of  wheels. 

6.  A  flywheel  weighs  44-4  tons.  Its  radius  of  gyration  is  ITS  feeu. 
Find  how  much  energy  it  stores  at  60  revolutions  per  minute.  K 
the  variation  of  torque  on  the  crank  shaft  is  such  that  55  foot-tons  of  energy 
are  alternately  added  to  and  subtracted  from  the  energy  stored  in  the  wheel, 
calculate  the  corresponding  maximum  and  minimum  number  of  revolutions 
of  the  wheel  per  minute. 

7.  Sketch  any  one  form  of  loaded  governor,  and  point  out  the  advantage 
due  to  the  loading. 

8.  The  reciprocating  parts  of  a  two-oyUnder  locomotive  weigh  650  lbs. 
per  cylinder.  Two-tWrds  of  thLs  amount  is  balanced  by  means  of  balance 
weights  placed  in  the  driving  wheels.  The  revolving  masses  are  com- 
pletely balanced.  Find  the  maximum  pressure  between  a  driving  wheel 
and  the  rail  at  60  miles  per  hour  from  the  following  data : — Diameter  of 
driving  wheel,  7  feet ;  static  load  on  driving  wheel,  6  tons  ;  distance  centre 
to  centre  of  cylinders,  2  feet ;  distance  between  the  planes  in  which  the  mass 
centres  of  the  balance  weights  in  the  driving  wheels  revolve,  5  feet ;  crank 
radius,  1  foot. 

9.  Describe  a  rope  dynamometer  suitable  for  measuring  the  brake  horse- 
power of  a  small  steam  engine.  An  engine  provided  with  two  flywheels 
each  6  feet  in  diameter  has  a  rope  brake  fitted  to  each  wheel.  When  the 
speed  is  200  revolutions  per  minute  the  loads  hanging  on  the  ropes  are 
respectively  120  and  130  lbs.,  and  the  pull  on  the  tail  end  of  each  rope  is 
10  lbs.     The  girth  of  the  ropes  is  2  inches.     Find  the  brake  horse-power. 

10.  Make  a  sketch  of  the  diflerential  gear  used  on  motor  cars,  and  point 
out  the  object  of  its  use. 

11.  Describe  with  the  aid  of  sketches  a  Stephenson  link  motion.  Whai 
do  you  understand  by  the  term  equivalent  eccentric  as  applied  to  a  link 
motion  1  Find  the  equivalent  eccentric  corresponding  to  the  mid  gear 
position  of  the  motion  block  for  a  link  motion  having  the  following  dimen- 
sions : — Angular  distance  between  each  eccentric  and  the  crank,  104° ; 
length  of  each  eccentric-rod,  6  feet  3  inches  ;  length  of  the  link,  24J  inches  ; 
radius  of  each  eccentric  sheave,  4 '3  inches. 

12.  Make  a  sketch  of  the  big  end  of  a  connecting-rod  of  any  type  with 
which  you  are  familiar,  and  point  out  clearly  how  the  wear  in  the  brasses 
is  taken  up. 
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EXAMINATION    TABLES. 

USEFUL   CONSTANTS. 

1  Inch  =  25*4  millimetreB. 

1  Gallon  =  -leOS  cubic  foot  =  10  lbs.  of  water  at  62"  F.     .  ■ .  1  lb.  =  'OIBOS 
cubic  foot. 

1  Knot  =  6080  feet  per  hour.     1  Naut  =  60SO  feet. 

Weight  of  1  lb.  in  London  =  445,000  dynes. 

One  pound  avoirdupois  =  7000  giains  =  453'6  granimea. 

1  Cubic  foot  of  water  weighs  62 -3  lbs. 

1  Cubic  foot  of  air  at  0°  C.  and  1  atmosphere,  weighs  "0807  lb. 

1  Cubic  foot  of  Hydrogen  at  0°  C.  and  1  atmosphere,  weighs  'U0557  lb. 

1  Foot-pound  =  1-3562  x  10'  ergs. 

1  Horse-power-hour  =  33000  x  60  foot-pounda. 

1  Electrical  unit  =  1000  watt-hours. 

Joule's  Equivalent  to  suit  Regnault's  H,  is   Ogg  j*-;}^^-  Z.  \  cent  ""**' 

1  Horse-power  =  33000  foot-ponnds  per  minute  =  746  watts. 

Volts  X  amperes  =  watts. 

1  Atmosphere  =  14'7  lb.  per  square  inch  =  2116  lbs.   per  square  foot  = 
760  m.m.  of  mercury  =  10'  dynes  per  sq.  cm.  nearly. 

A  Column  of  water  2*3  feet  high  corresponds  to  a  pressure  of  1  lb.  per 
square  inch. 

Absolute  temp.,  t  =  6°  0.  +  273°-7. 

Eegnaulfs  H  =  606-5  +  -305  6°  0,  =  1082  +  -305  6°  F. 

_  „  1.0616  _  479 

BO 
log  1.1'  =  6-1007  - -J- --^ 

where  log  „B  =  3-1812,  log  ,jO  =  6-0871, 

J)  is  in  pounds  per  square  inch,  t  is  absolute  temperature  Centigrade^ 
u  is  the  volume  in  cubic  feet  per  pound  of  steam. 

x=3-1416=f  =  |g  =  10(^-V2). 

One  radian  =  57*3  degrees. 

To  convert  common  into  Napierian  logarithms,  multiply  by  2-3026. 

The  base  of  the  Napierian  logarithm  is  e  =  2-7183. 

The  value  of  g  at  London  =  32-182  feet  per  second  per  second. 
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8609 
8669 
8727 

8615 
8675 
8733 

8621 
8681 
8739 

8627 
8686 
8746 

112 
112 
112 

2  3  4 
2  3  4 
2  3  4 

4  5  5 
4  6  6 
4  5  5 

76 

8761 

8766 

8762 

8768 

8774 

8779 

8786 

8791 

8797 

8802 

112 

2  3  3 

4  6  5 

76 

77 
78 

8808 
8865 
8921 

8814 
8871 
8927 

8820 
8876 
8932 

8825 
8882 
8938 

8831 
8887 
8943 

8837 
8893 
8949 

8842 
8899 
8954 

8848 
8904 
8960 

8864 
8910 
8965 

8869 
8915 
8971 

112 
112 
112 

2  3  3 
2  3  3 
2  3  3 

4  5  5 
4  4  6 
4  4  6 

79 
80 
81 

8976 
9031 
9086 

8982 
9036 
9090 

8987 
9042 
9096 

8993 
9047 
9101 

8998 
9063 
9106 

9004 
9068 
9112 

9009 
9063 
9117 

9015 
9069 
9122 

9020 
9074 
9128 

9025 
9079 
9133 

112 
112 
112 

2  3  3 
2  3  3 
2  3  3 

4  4  5 
4  4  6 
4  4  6 

82 
83 
84 

9138 
9191 
9243 

9143 
9196 
9248 

9149 
9201 
9263 

9154 
9206 
9268 

9169 
9212 
9263 

9166 
9217 
9269 

9170 
9222 
9274 

9175 
9227 
9279 

9180 
9232 
9284 

9186 
9238 
9289 

112 
112 
112 

2  3  3 
2  3  3 
2  3  3 

4  4  5 
4  4  5 
4  4  5 

86 

9294 

9299 

9304 

9309 

9316 

9320 

9326 

9330 

9335 

9340 

112 

2  3  3 

4  4  6 

86 
87 
88 

9346 
9395 
9446 

9350 
9400 
9450 

9366 
9406 
9466 

9360 
9410 
9460 

9365 
9415 
9466 

9370 
9420 
9469 

937S 
9425 
9474 

9380 
9430 
9479 

9386 
9435 
9484 

9390 
9440 
9489 

112 
Oil 

Oil 

2  3  3 
2  2  3 
2  2  3 

4  4  6 
3  4  4 
3  4  4 

89 
90 
91 

9494 
9542 
9690 

9499 
9547 
9596 

9604 
9552 
9600 

9609 
9667 
9605 

9513 
9662 
9609 

9518 
9666 
9614 

9623 
9671 
9619 

9628 
9576 
9624 

9533 
9581 
9628 

9638 
9588 
9633 

Oil 

oil 
oil 

2  2  3 
2  2  3 
2  2  3 

3  4  4 
3  4  4 
3  4  4 

92 
93 
94 

9638 
9686 
9731 

9643 
9689 
9736 

9647 
9694 
9741 

9662 
9699 
9745 

9657 
9703 
9760 

9661 
9708 
9754 

9666 
9713 
9769 

9671 
9717 
9763 

9675 
9722 
9768 

9680 
9727 
9773 

oil 
oil 
oil 

2  2  3 
2  2  3 
2  2  3 

3  4  4 
3  4  4 
3  4  4 

96 

9777 

9782 

9786 

9791 

9795 

9800 

9805 

9809 

9814 

9818 

0  1  1 

2  2  3 

3  4  4 

96 
97 
98 

9823 
9868 
9912 

9827 
9872 
9917 

9832 
9877 
9921 

9836 
9881 
9926 

9841 
9886 
9930 

9846 
9890 
9934 

9850 
9894 
9939 

9864 
9899 
9943 

9869 
9903 
9948 

9863 
9908 
9962 

oil 
oil 
oil 

2  2  3 
2  2  3 
2  2  3 

3  4  4 
3  4  4 
3  4  4 

99 

9956 

9961 

9966 

9969 

9974 

9978 

9983 

9987 

9991 

9996 

oil 

2  2  3 

3  3  4 
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TABLE  OB"  ANTILOGAEITHMS. 


0 

1 

2 

3    4 

5 

6    7 

8 

9 

1  2  sl 

4  5  6 

7  8  9 

•00 

1000 

1002 

1006 

1007 

1009 

1012 

1014 

1016 

1019 

1021  0  0  1 

111 

2  2  2 

•01 
•02 
■03 

1023 
1047 
1072 

1026 
1050 
1074 

1028 
1062 
1076 

1030 
1054 
1079 

1033 
1057 
1081 

1035 
1059 
1084 

1038 
1062 
1036 

1040 
1064 
1089 

1042 
1067 
1091 

1046 
1069 
1094 

0  0  1 
0  0  1 
0  0  1 

111 
111 
111 

2  2  2 
2  2  2 
2  2  2 

•04 
•05 
•06 

1096 
1122 
1148 

1099 
1126 
1151 

1102 
1127 
1163 

1104 
1130 
1166 

1107 
1132 
1159 

1109 
1135 
1161 

1112 
1138 
1164 

1114 
1140 
1167 

1117 
1143 
1169 

1119 

1146 
1172 

Oil 
Oil 
Oil 

112 
112 
112 

2  2  2 
2  2  2 
2  2  2 

•07 
•OS 
•09 

1175 
1202 
1230 

1178 
1205 
1233 

1180 
1208 
1236 

1183 
1211 
1239 

1186 
1213 
1242 

1189 
1216 
1245 

1191 
1219 
1247 

1194 
1222 
1250 

1197 
1226 
1263 

1199 
1227 
1256 

Oil 
Oil 
0  1  1 

112 
112 
112 

2  2  2 
2  2  3 
2  2  3 

•10 

1259 

1262 

1265 

1268 

1271 

1274 

1276 

1279 

1232 

1286 

Oil 

112 

2  2  3 

•11 

•12 
■13 

1288 
1318 
1349 

1291 
1321 
1352 

1294 
1324 
1365 

1297 
1327 
1358 

1300 
1330 
1361 

1303 
1334 
1366 

1306 
1337 
1368 

1309 
1340 
1371 

1312 
1343 
1874 

1316 
1346 
1877 

Oil 
Oil 
Oil 

12  2 
12  2 
12  2 

2  2  3 
2  2  3 
2  3  3 

•u 

•16 
•16 

1380 
1413 
1445 

1384 
1416 
1449 

1387 
1419 
1462 

1390 
1422 
1456 

1893 
1426 
1469 

1396 
14-29 
1462 

1400 
1432 
1466 

1403 
1436 
1469 

1406 
1439 
1472 

1409 
1442 
1476 

Oil 

oil 
oil 

12  2 
12  2 
12  2 

3  3  3 
2  3  3 
2  3  3 

•17 
•18 
■19 

14T9 
1514 
1549 

1433 
1517 
1552- 

1486 
1521 
1556 

1489 
1624 
1560 

1493 
1628 
1663 

1496 
1531 
1567 

1500 
1535 
1570 

1508 
1683 
1574 

1507 
1642 
1578 

1610 
1646 
1681 

oil 
oil 
oil 

12  2 
1  2  2 
12  2 

2  3  3 

2  3  3 

3  3  3 

•20 

1685 

1689 

1592 

1596 

1600 

1603 

1607 

1611 

1614 

1618 

oil 

12  2 

3  3  3 

•21 
■22 
•23 

1622 
1660 
1698 

1626 
1663 
1702 

1629 
1667 
1706 

1633 
1671 
1710 

1637 
1675 
1714 

1641 
1679 
1718 

1644 
1633 
1722 

1648 
1687 
1726 

1662 
1690 
1730 

1666 
1694 
1734 

oil 
oil 

0  1  1 

2  2  2 
2  2  2 
2  2  2 

3  3  3 
3  3  3 
3  3  4 

•24 
•25 
•26 

1738 
1778 
1820 

1742 
1782 
1824 

1746 
1786 
1328 

1750 
1791 
1832 

1764 
1795 
1837 

1758 
1799 
1841 

1762 
1303 
1845 

1766 
1307 
1349 

1770 
1811 
1864 

1774 
1816 
1353 

oil 
oil 
oil 

2  2  2 
2  2  2 
2  2  3 

3  3  4 
8  3  4 
3  3  4 

•27 
•28 
•29 

1862 
1905 
1960 

1866 
1910 
1954 

1871 
1914 
1959 

1876 
1919 
1963 

1879 
1923 
1968 

1884 
1928 
1972 

1888 
1932 
1977 

1892 
1936 
1982 

1897 
1941 
1986 

1901 
1946 
1991 

oil 
oil 
oil 

2  2  3 
2  2  3 
2  2  3 

8  3  4 
3  4  4 
3  4  4 

•30 

1995 

2000 

2004 

2009 

2014 

2018 

2023 

2028 

2032 

2037 

oil 

2  2  3 

3  4  4 

•31 
•32 
•33 

2042 
2089 
2138 

2046 
2094 
2143 

2051 
2099 
2148 

2066 
2104 
2153 

2061 
2109 
2168 

2065 
2113 
2163 

2070 
2118 
2168 

2076 
2123 
2173 

2030 
2123 
2178 

2084 
2133 
2183 

oil 
oil 
oil 

2  2  3 
2  2  3 
2  2  3 

3  4  4 
3  4  4 
3  4  4 

■34 
■35 
■36 

2188 
2239 
2291 

2193 
2244 
2296 

2198 
2249 
2301 

2203 
2254 
2307 

2208 
2269 
2312 

2213 
2266 
2317 

2218 
2270 
2323 

2223 
2275 
2328 

2228 
2280 
2333 

2234 
2286 
2339 

112 
112 
112 

2  3  3 
2  3  8 
2  3  3 

4  4  6 
4  4  6 
4  4  5 

•37 
•38 
•39 

2344 
2399 
2455 

2350 
2404 
2460 

2355 
2410 
2466 

2360 
2416 
2472 

2366 
2421 
2477 

2371 
2427 
2483 

2377 
2432 

2439 

2832 
2438 
2496 

2388 
2443 
2600 

2393 
2449 
2506 

112 
112 
112 

2  3  3 
2  3  3 
2  3  3 

4  4  6 
4  4  6 
4  5  5 

•40 

2612 

2518 

2623 

2529 

2535 

2641 

2547 

2653 

2569 

2564 

112 

2  3  4 

4  5  5 

•41 
•42 
•43 

•44 
•45 
•46 

2570 
2630 
2692 

2576 
2636 
2698 

2682 
2642 
2704 

2588 
2649 
2710 

2594 
2656 
2716 

2600 
2661 
2723 

2606 
2667 
2729 

2612 
2673 
2786 

2618 
2679 
2742 

2624 
2685 
2743 

112 
112 
112 

2  3  4 

2  3  4 

3  3  4 

4  6  5 

4  6  6 
4  6  6 

2764 
2818 
28S4 

2761 
2825 
2891 

2767 
2831 
2897 

2773 
2838 
2904 

2780 
2844 
2911 

2786 
2861 
2917 

2793 
2868 
2924 

2799 
2864 
2931 

2805 
2871 
2938 

2312 
2877 
2944 

112 
112 
112 

3  3  4 
8  3  4 
3  3  4 

4  5  6 

5  5  6 

6  6  6 

•47 
■48 
•49 

2951 
3020 
3090 

2953 
3027 
8097 

2965 
3034 
8105 

2972 
3041 
3112 

2979 
3048 
3119 

2935 
3065 
3126 

299? 
3062 
3183 

2999 
3069 
3141 

3006 
3076 
3148 

8018 
3088 
8165 

112 
112 
112 

8  3  4 
3  4  4 
3  4  4 

5  5  6 

6  6  6 
6  6  6 
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TABLE  OF  ANTILOGARITHMS.- 

—Oontiniied. 

0 

1 

2 

3 

4 

5 

6 

7 

s 

9 

1  2  3 

4  5  6 

7  8  9 

•50 

3162 

3170 

3177 

8184 

3192 

3199 

3208 

8214 

3221 

3228 

112 

3  4  4 

5  6  7 

■61 
•62 
■63 

3236 
3311 

3388 

3243 
3319 
3396 

8261 
3327 
3404 

3258 
3334 
3432 

3266 
3342 
3420 

3273 
3350 
3428 

3281 
3367 
3436 

3289 
3365 
3443 

3296 
8373 
3461 

3304 
3381 
3469 

12  2 
12  2 

12  2 

3  4  S 
3  4  6 
3  4  6 

5  6  7 

5  6  7 

6  6  7 

•64 
•66 
•66 

3467 
3648 
8631 

3475 
3556 
3639 

8483 
3666 
3648 

3491 
3573 
3656 

3499 
3681 
3664 

3508 
3589 
3673 

3616 
3597 
8681 

3524 
3606 
3690 

3532 
3614 
3698 

3540 
3622 
3707 

1  2  2 
12  2 
12  3 

3  4  5 
3  4  5 
3  4  5 

6  6  7 
6  7  7 
6  7  8 

■67 
■68 
■69 

3715 
3802 
3890 

3724 
3811 
3899 

3733 
3819 
3908 

3741 

8828 
3917 

3760 
3837 
3926 

3768 
3846 
8936 

8767 
3865 
3946 

3776 
3864 
3964 

3784 
3S73 
3963 

3793 
3882 
3972 

12  3 
12  3 
12  3 

3  4  5 

4  4  6 
4  5  6 

6  7  8 
6  7  8 
6  7  8 

■60 

3981 

3990 

3999 

4009 

4018 

4027 

4036 

4046 

4055 

4064 

12  3 

4  6  6 

6  7  8 

■61 
■62 
■63 

4074 
4169 
4266 

4083 
4178 
4276 

4093 
4188 
4285 

4102 
4198 
4296 

4111 
4207 
4305 

4121 
4217 
4316 

4180 
4227 
4325 

4140 
4236 
4386 

4150 
4246 
4346 

4159 
4266 
4365 

12  3 
12  3 
12  3 

4  6  6 
4  5  6 
4  6  6 

7  8  9 
7  8  9 
7  8  9 

■64 
•65 
•66 

4365 
4467 
4671 

4376 
4477 
4581 

4385 
4487 
4592 

4395 
4498 
4603 

4406 
4608 
4613 

4416 
4519 
4624 

4426 
4529 
4634 

4486 
4639 
4645 

4446 
4550 
4656 

4467 
4660 
4667 

12  3 
12  8 

12  8 

4  5  6 
4  5  6 
4  5  6 

7  8  9 
7  8  9 
7  9  10 

•67 
•68 
•69 

4677 
4786 
4898 

4688 
4797 
4909 

4699 
4808 
4920 

4710 
4819 
4932 

4721 
4831 
4943 

4732 
4842 
4965 

4742 
4863 
4966 

4763 
4864 
4977 

4764 
4876 
4989 

4776 
4887 
6000 

12  3 
12  8 
12  8 

4  6  7 

4  6  7 

5  6  7 

8  9  10 
8  9  10 
8  9  10 

■70 

6012 

6023 

6035 

6047 

6058 

6070 

6082 

6093 

6106 

6117 

12  4 

5  6  7 

8  9  11 

■71 
■72 
■73 

6129 
6248 
6370 

5140 
6260 
5383 

6162 
6272 
5396 

6164 
5284 
6408 

6176 
6297 
6420 

5188 
6309 
6433 

6200 
6321 
6445 

6212 
6333 
6458 

5224 
5346 
6470 

6236 
6858 
6483 

12  4 

12  4 

13  4 

5  6  7 

6  6  7 
5  6  8 

8  10  11 

9  10  11 
9  10  11 

■74 
■76 
■76 

6495 
6623 
6764 

5608 
5636 
5768 

5521 
6649 
6781 

66S4 
6662 
6794 

5546 
6675 
6808 

6559 
5689 
6821 

5672 
5702 
6834 

6585 
6715 
6848 

5598 
5728 
5861 

6610 
5741 
5875 

13  4 
13  4 
13  4 

5  6  8 
5  7  8 
5  7  8 

9  10  12 
9  10  12 
9  11  12 

■77 
■78 
■79 

6888 
6026 
6166 

5902 
6039 
6180 

6916 
6053 
6194 

6929 
6067 
6209 

'6943 
6081 
6223 

6957 
6095 
6237 

5970 
6109 
6262 

6984 
6124 
6266 

6998 
6138 
6281 

6012 
6152 
6295 

13  4 
13  4 
13  4 

5  7  8 

6  7  8 
6  7  9 

10  11  12 
10  11  13 
10  11  13 

■80 

6310 

6324 

6339 

6363 

6368 

6383 

6397 

6412 

6427 

6442 

13  4 

6  7  9  jlO  12  13 

■81 

■82 
■83 

6467 
6607 
6761 

6471 
6622 
6776 

6486 
6637 
6792 

6501 
6663 
6808 

6516 
6668 
6823 

6531 
6683 
6839 

6646 
6699 
6856 

6561 
6714 
6871 

6577 
6730 
6887 

6692 
6746 
6902 

2  3  5 
2  3  5 
2  3  5 

6  8  9  11  12  14 
6  8  9  11  12  14 
6  8  9  11  13  14 

-84 
■35 
■86 

6918 
7079 
7244 

6934 
7096 
7261 

6950 
7112 
7278 

6966 
7129 
7295 

6982 
7145 
7311 

6998 
7161 
7328 

7015 
7178 
7345 

7031 
7194 
7362 

7047 
7211 
7879 

7063 
7228 
7396 

2  3  5 
2  3  6 
2  3  6 

6  8  10 

7  8  10 
7  8  10 

11  18  15 

12  18  16 
12  18  16 

■87 
■88 
■89 

7413 
7686 
7762 

7430 
7603 
7780 

7447 
7621 
7798 

7464 
7638 
7816 

7482 
7666 
7834 

7499 
7674 
7852 

7616 
7691 
7870 

7634 
7709 
7889 

7661 
7727 
7907 

7668 
7746 
7926 

2  3  5 
2  4  5 
2  4  5 

7  9  10 
7  9  11 
7  9  11 

12  14  16 

12  14  16 

13  14  16 

■90 

7943 

7962 

7980 

7998 

8017 

8035 

8054 

8072 

8891 

8110 

2  4  6 

7  9  11 

13  16  17 

■91 
■92 
■93 

8128 
8318 
8511 

8147 
8337 
8631 

8166 
8356 
8651 

8186 
8376 
8570 

8204 
8395 
8590 

8222 
8414 
8610 

8241 
8433 
8630 

8260 
8463 
8660 

8279 
8472 
8670 

8299 
8492 
8690 

2  4  6 
2  4  6 
2  4  6 

8  9  11 

8  10  12 
8  10  12 

13  15  17 

14  15  17 

14  16  18 

•94 
•95 
•96 

8710 
8913 
9120 

8730 
8933 
9141 

8750 
8954 
9162 

8770 
8974 
9183 

8790 
8995 
9204 

8810 
9016 
9226 

8831 
9036 
9247 

8851 
9057 
9268 

8872 
9078 
9290 

8892 
9099 
9311 

2  4  6 
2  4  6 
2  4  6 

8  10  12  14  16  18 
8  10  12  15  17  19 
8  11  13  ,15  17  19 

•97 
•98 
■99 

9333 
9650 
9772 

9354 
9572 
9795 

9376 
9694 
9817 

9397 
9616 
9840 

9419 
9638 
9863 

9441 
9661 
9886 

9462 
9683 
990S 

9484 
9T06 
9931 

9506 
9727 
9954 

9528 
9750 
9977 

2  4  7 
2  4  7 
2  6  7 

9  11  13  jl5  17  20 
9  11  13  ,16  18  20 
9  11  14  |16  18  20 
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TABLE  OF  FUNCTIONS  OF 

ANGLES. 
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Sine.        Ta 
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Degrees. 

Radians. 

0° 
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0 

0 

00 

1 
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9D» 

1 
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89 

2 
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88 

3 

•0524 
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1-377 
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87 

4 

•0698 

070 

■0698 
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1-364 

5010 

86 

5 

•0878 

087 

■0872 

0875 

11-4301 
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1-361 

4836 

86 

6 

•1047 

106 

■1046 

1051 

9-5144 

9946 

1-338 

4661 

84 

7 

■1222 

122 

■1219 

1228 

8-1443 

9925 

1^325    ' 

4488 

83 

8 

•1396 

140 

•1392 

1406 

7-1164 

9903 

1^312 

4312 

82 

9 

•1671 

167 

■1664 

1584 

6-3138 

9877 

1-299 

4137 

81 

10 

•1745 

174 

•1736 

1768 

6-6713 

9848 

1-286 

3963 

80 

11 

■1929 

192 

•1908 

1944 

6-1446 

9816 

1-272 

3788 

79 

12 

•2094 

209 

•2079 

2126 

4-7046 

9781 

1-269 

3614 

78 

13 

•2269 

226 

■2250 

2309 

4-3315 

9744 

1-245 

3439 

77 

14 

•2443 

244 

■2419 

2493 

4-0108 

9703 

1-231 

3265 

76 

15 

•2618 

261 

■2588 

2679 

3-7321 

9669 

1-218 

3090 

75 

16 

•2793 

278 

■2756 

2867 

3-4874 

9613 

1-204 

2915 

74 

17 

•2967 

296 

■2924 

3067 

3-2709 

9563 

1-190 

2741 

73 

18 

•3142 

313 

■3090 

3249 

3-0777 

9611 

1-176 

2566 

72 

19 

•3316 

330 

■3256 

3443 

2-9042 

9455 

1-161 

2392 

71 

20 

•3491 

347 

■3420 

3640 

2-7475 

9397 

1-147 

2217 

70 

21 

•3666 

364 

■3584 

3839 

2-6051 

9336 

1-133 

2043 

69 

22 

•3840 

382 

•3746 

4040 

2-4751 

9272 

1-118 

1868 

68 

23 

•4014 

399 

•3907 

4246 

2-3669 

9205 

1-104 

1694 

67 

24 

■4189 

416 

•4067 

4462 

2-2460 

9135 

1-089 

1519 

66 

25 

•4363 

433 

■4226 

4663 

2^1445 

9063 

1-075 

1345 

65 

26 

•4538 

450 

■4384 

4877 

2-0603 

8988 

1-060 

1170 

64 

27 

•4712 

467 

■4540 

5095 

1-9626 

8910 

1-045 

0996 

63 

28 

■4887 

484 

■4695 

5317 

1-8807 

8829 

1-030 

0821 

62 

29 

■6061 

501 

■4848 

5643 

1-8040 

8746 

1-015 

0647 

61 

30 

■6236 

618 

■6000 

6774 

1-7321 

8660 

1-000 

0472 

60 

31 

■6411 

634 

■5150 

6009 

1-6643 

8572 

•985 

0297 

69 

32 

•6685 

651 

•5299 

6249 

r6003 

8480 

-970 

0123 

68 

33 

■5760 

668 

•6446 

6494 

1-6399 

8387 

•964 

9948 

57- 

34 

■6934 

686 

•6592 

6745 

1-4826 

8290 

•939 

9774 

66 

35 

■6109 

601 

•6736 

7002 

1-4281 

8192 

•923 

9599 

65 

36 

■6283 

618 

•6878 

7265 

1-3764 

8090 

•908 

9425 

64 

37 

•6468 

635 

•6018 

7636 

1-3270 

7986 

-892 

9260 

53 

38 

■6632 

651 

•6167 

7813 

1^2799 

7880 

-877 

9076 

62 

39 

■6807 

668 

•6293 

8098 

1-2349 

7771 

•861 

8901 

51 

40 

•6981 

684 

•6428 

8391 

1-1918 

7600 

•845 

8727 

50 

41 

■7156 

700 

•6561 

8693 

1-1504 

7647 

•829 

8652 

49 

42 

•7330 

717 

•6691 

9004 

1-1106 

7431 

•813 

8378 

48 

43 

•7605 

733 

•6820 

9326 

1-0724 

7314 

•797 

8203 

47 

44 

•7679 

749 

•6947 

9667 

1-0365 

7193 

•781 

8029 

46 

45° 

•7864 

765 

■7071         1 

0000 

1-0000 

7071 

•766 

■7854 

45° 

Cosine.    Co 

tangent. 

Tangent. 

Sine. 

Cliord. 

Radians. 
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le. 

B.    OF   E.    QUESTIONS.  487a 

1910  MAY  EXAMINATION  ON  SUBJECT  VII. 
APPLIED  MECHANICS/ 

(6)    MACHINES   AND    HYDRAULICS. 
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Fob  General  Insteuctions,  see  Appendix  A. 


STAGE  2.t 
Iksteuctions. 


You  must  not  attempt  more  than  eight  questions  in  all,  including  Nos.  21 
and  22 — that  is  to  say,  although  21  and  22  ore  not  compulsory,  you  are  not 
allowed  to  take  more  than  six  questions  in  addition  to  Nos.  21  arid  22. 

3.  Describe  a  differential  pulley  block.  The  diameters  of  the  two  grooves 
are  12  and  Hi  inches,  what  is  the  velocity  ratio  ?  Experijrents  are  made 
on  this  pulley  block  when  a  load  W  is  lifted  by  an  effort  E.  When  W 
was  600  lbs.  E  was  26  lbs.,  and  when  W  was  300  lbs.  E  was  IS  lbs.  ;  what 
is  E  probably  when  W  is  800  lbs.  ?  What  is  the  efficiency  when  W  is 
800  lbs.  ?  (B.  of  E.,  S.  2,  Div.  6,  1910.) 

5.  State  the  following  in  horse-power  hours  : — (a)  Five  million  foot- 
pounds, (6)  three  Board  of  Trade  elfectrical  units,  (c)  20  Fahrenheit  heat 
units,  (d)  20  Centigrade  heat  units,  (e)  the  calorific  energy  of  1  lb.  of  coal 
or  8,500  Centigrade  heat  units,  (/)  the  Calorific  energy  of  1  lb.  of  petrol, 
12,400  Centigrade  heat  units,  (gr)  the  Calorific  energy  of  1  cubic  foot  of 
coal  gas,  380  Centigrade  heat  units.  (B.  of  E.,  S.  2,  Div.  h,  1910.) 

9.  An  electromotor  lifts  80  tons  of  grain  100  feet  high  ;  the  electric  energy 
costs  40  pence  at  the  rate  of  2  pence  per  unit.  How  much  electric  energy 
is  used  1     What  is  the  efficiency  of  the  lifting  arrangements  ? 

(B.  of  E.,  S.  2,  Div.  6,  1910.) 

13.  A  Hydraulic  Company  charges  15  pence  per  thousand  gallons  of 
water  at  700  lbs.  per  square  inch ;   what  is  the  cost  per  horse-power-hour  ? 

(B.  of  E.,  S.  2,  Div.  6,  1910.) 

14.  A  body  has  a  simple  harmonic  motion,  the  total  length  of  one  swing 
being  2  feet ;  it  makes  one  swing  in  half  a  second,  that  is,  its  periodic 
time  is  one  second.  Make  a  diagram  showing  its  i^elocity  and  another 
showing  its  acceleration  at  every  point  of  its  path.  What  are  its  maximum 
velocity  and  acceleration  ?  (B.  of  E.,  S.  2,  Div.  b,  1910.) 

*  Students  are  referred    to  Vols.   II.   and  III.   for   Questions  under 
Div.  (a)  Materials  and  Structures. 
tSee  Vol.  I. — Applied  Mechanics — for  Questions  7,  10,  12,  and  15. 
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STAGE  3.* 

Instructions. 

Tou  must  not  attempt  more  than  bight  questions  in  all,  including  Nos.  21 
and  22 — that  is  to  say,  although  21  and  22  are  not  compulsory,  you  are  not 
allowed  to  take  more  than  six  questions  in  addition  to  Nos.  21  and  22. 

21.t  Describe,  with  the  help  of  neatly  drawn  sketches,  which  should  be 
roughly  to  scale,  only  one  of  the  following,  (a),  (5),  (c),  or  {d) : — [a)  An 
accumulator ;  show  in  detail  how  the  ram  is  packed,  and  the  valves  for 
admitting  the  water  to  and  drawing  the  water  from  the  accumulator. 
(6)  A  swivel  bearing  for  use  with  line  shafting  provided  with  means  for 
raising  and  lowering  the  centre  point  of  the  bearing.  What  advantages 
has  this  type  of  bearing  over  the  old  form  of  pedestal  ?  (c)  A  countershaft 
fitted  with  fast  and  loose  puUeys.  Show  in  detail  the  striking  gear,  and 
the  arrangements  for  lubricating  the  brass  bushing  of  the  loose  pulley. 
{d)  Any  form  of  quick-return  motion  suitable  for  use  on  a  shaping  machine, 
show  how  the  stroke  of  the  tool  may  be  varied  ? 

(B.  of  E.,  S.  2  and  3,  Div.  6,  1910.) 

22.  Answer  only  one  of  the  following,  (a),  (6),  or  (c) : — (as)  Describe,  with 
sketches  of  the  apparatus,  any  simple  method  of  determining  the  friotional 
losses  in  a  straight  length  of  pipe,  when  water  is  flowing  through  it  at  » 
steady  velocity.  (6)  Describe,  with  sketches  of  the  apparatus,  how  you 
would  determine  the  velocity  ratio  and  the  mechanical  efiicienoy  under 
different  loads  of  a  screw-jack.  WiU  a  screw-jack  overhaul  ?  (c)  Describe 
any  experimental  method  of  determining  the  moment  of  inertia  of  a  small 
flywheel.  You  must  state  clearly  all  the  observations  you  would  require 
to  make,  and  how  you  would  obtain  the  desired  result  from  these  obser- 
vations. (B.  of  E.,  S.  2  and  3,  Div.  b,  1910.) 
B'.  28.  An  electric  motor  running  at  1,500  revolutions  per  minute  has  a  pulley 
10  inches  in  diameter.  The  belt  is  8  inches  wide,  and  J  inch  thick,  and 
its  arc  of  contact  is  160°.  The  allocable  stress  in  the  belt  is  400  lbs.  per 
square  inch,  and  the  coefficient  of  friction  between  belt  and  pulley  is  0'2. 
What  is  the  maximum  horse-power  which  can  be  transmitted  ? 

(B.  of  E.,  S.  3,  Div.  b,  1910.) 

30.  A  body  weighing  161  lbs.  has  a  simple  harmonic  motion,  the  total 
length  of  one  swing  being  2  feet ;  the  periodic  time  is  1  second.  Make  a 
diagram  showing  its  velocity  and  another  showing  its  acceleration  at  every 
point  of  its  path.  What  force  is  giving  to  the  body  this  motion  ?  What 
is  its  greatest  value  ?  (B.  of  E.,  S.  3,  Div.  b,  1910.) 

33.  Explain,  with  sketches,  only  one,  (a)  or  (6) : — (a)  How  Mr.  Schlick 
uses  gyrostats  to  destroy  the  rolling  of  ships,  (b)  How  Mr.  Brennan  uses 
gyrostats  in  his  mono-rail  waggons.  (B.  of  E.,  S.  3,  Div.  b,  1910.) 

34.  A  weight  of  16"1  lbs.  hangs  from  a  spiral  spring  whose  stiffness  is 
such  that  an  axial  force  of  1  lb.  elongates  it  O'Ol  foot.  The  motion  is 
resisted  by  fluid  friction  which  in  pounds  is  numerically  equal  to  ten  times 
the  velocity.  The  point  of  support  gets  a  downward  displacement  y  =  Q'l 
sin  9t,  find  the  motion  of  the  weight  when  its  natural  vibration  has  been 
destroyed  by  friction.  (B.  of  E.,  S.  3,  Div.  b,  1910.) 

*  See  Vol.  I.— Applied  Mechanics— ioT  Questions  24,  27,  29,  31,  and  32. 
t  See  Vol.  I. — Applied  Mechanics — for  helps  to  Parts  (6)  and  (c). 
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„     — Method     of     setting 
out  curves  for,  on 
bevel  wheels,  .        .  270 
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dynamic,   .        .  .        .   324 
Transport— Wire  rope,        .        .   328 
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Watt's 

governor — Theory  of,     . 

404 

J> 

parallel  motion. 

113 

Units,  Symbols  for,  &o.,        xviii-xx 

sun  and  planet  wheels,   . 

97 

Universal  counter,        .        .        .111 

Wedge 

friction  gearing — Robert- 

„        joint,     ....     89 

son's, 

210 

Useful  constants,          .        .        .482 

Wedge 

friction  gearing — Power 

transmitted  by,         ... 

211 

Weston's  centrifugal  machine,   . 

444 

V 

Wheels — Bevel,     .... 

268 

„      —Teeth  of. 

269 

Variable  speeds  of  rotation — 

— Change,      for      screw- 

By  bands  and  puUeys,         .   193 

cutting  lathe. 

178 

By  friction  wheels,       .        .192 

— Clock  and  watch. 

219 

By    combined    mechanical 

—Cog,        .        .        .        . 

271 

gear  with  electric  motor,     194 

— Conditions  for  correct 

By  toothed  wheels,       .        .   192 

working  of  toothed,  . 

219 

With  electro-motor  connec- 

—Constancy  of  velocity, 

tions 193 

ratio  of  toothed. 

215 

Velocity — Angular,       .        .        .174 

— Counting, 
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„     —Combined,     .   285 

— Cutting  machine  for 

„       ratio — Angular,      .        .   174 

Bevel,        .  276, 
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„     — Constancy        of. 

Helical,      . 

280 

with      toothed 

,,        Spur, 
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gearing,   .        .215 

Worm, 

279 

„          „     of      a      train      of 

— Disadvantages  of  pin. 

238 

wheels,     .        .175 

— Double  helical. 

192 

„         „     of    two    wheels    in 

— Epicyclic  trains  of, 

92 

gear,         .        .   173 

„                „           for 

„         „     with  belt  and  rope 

tracing  ellipses,  . 

93 

transmission,  .   333 

— Flanged  or  shrouded,  . 

294 

,,         „     with        compound 

— Friction, 

192 

system  of  belt 

— Friction  of  toothed, 

285 

gearing,    .        .   334 

— Gee's  toothed. 

226 

Velocities  of  points  in  mechanism,   77 

— Heart,    . 

100 

Victoria  belting,    .        .        .        .311 

— Helical,  . 

192 

Virtual  centres,     .               .       72,  75 

— Hooke's  stepped, 

190 

— Intermediate  or  idle,    . 

177 

— Lantern, 

235 

W 

— Marlborough, 

178 

— Mortice, 

271 

Walker's  jump-joint  fastener,     312 

—Pin, 

234 

Watch  wheels 219 

— Ratchet, 

104 

Water -driven  centrifugals   with 

,, 

— Sizes  of  spur  and  bevel 

173 

automatic  cut-oif,     .        .        .  449 

— Sun  and  planet,    . 

97 

Waterproof  canvas  belt,              .   311 

,, 

—Teeth  of  (see  "Teeth 

Watson-Laidlaw   &   Co.'s   water 

of  wheels  "). 

and  electrically-driven  centri- 

,, 

—Train  of, 
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fugals 449-456 
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— Velocity-ratio  of  a  train 

Watt's     double  -  acting     steam 

of,       . 

175 

engine,       ...     98 

„ 

„            of  two,  in 

„      governor,           .        .        .   402 

gear,  . 

173 

„             „      — Action  of,      .  403 
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Wheels     with     cycloidal     teeth 

and  internal  contact,  251 

„       with  involute  teeth,         .  257 
„       with  involute  teeth  and 

internal  contact,        .  266 

„       with  radial  flanks,    .        .  231 
Whitworth's      quick      return 

motion,     .        .  127 

„  reversing  gear,      .  125 

„  slotting  machine, .  129 

WiUan's  spring  governor,    .        .  419 

Winch,  or  crab 184 

Wire  ropes 324 

„     haulage  and  transport,  328 
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by,         ...   353 
„      —Pulleys  for,     .        .  326 
Work  lost  by  friction  in  toothed 

gearing,       .        .       .  287 
„     — Principle  of,  applied  to 

machines,    138' 
„  „        appUed      to 

steam  engine,  141 
Working  strength  of  ropes,  .  352 
,,  tension  in  belts,  .  312,  351 
Worm  and  wormwheel,  .  .  279 
Wormwheel  cutting  machine,  .  279 
Wiist  double  helical  gear,    .        .  298 
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